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CHAPTER I
INTERACTIVE EFFECTS OF LIGHT AND NUTRIENTS IN SHALLOW 
PHOTIC SYSTEMS: RESPONSES OF BENTHIC MICRO ALGAE
SECTION 1 - INTRODUCTION
The distribution and magnitude o f reactive nitrogen (Nr) inputs have increased 
worldwide primarily due to increased anthropogenic activity (Bouwman et al. 2011; 
Galloway et al. 2008; Gruber and Galloway 2008; Nixon 1997; Nixon 1995). Nitrogen 
(N) is the principal nutrient limiting primary production and biomass formation in coastal 
ecosystems (Howarth et al. 2011; Paerl et al. 2009; Howarth and M arino 2006), and 
represents the largest pollution problem for coastal waters (Howarth and Mario 2006; 
Howarth et al. 2000; NRC 2000). The nutrification o f coastal ecosystems leads in many 
cases to accelerated phytoplankton and macroalgal production or eutrophication (Nixon 
1995). The negative consequences o f eutrophication include: increases in the extent o f 
hypoxic zones, increased incidences o f “harmful algal bloom s”, ecological regime shifts, 
decreased light quality and quantity available to support benthic production, and 
decreased commercial fisheries harvests (Diaz and Rosenberg 2008; Anderson et al.
2002; Valiela et al. 1992; Valiela et a l  1997; Cloem 2001; Nixon 2001). Climate change, 
most notably temperature rise, is expected to exacerbate these ecosystem responses to 
increased N loading (Paerl and Scott 2010). However increased N loading alone is not 
always an adequate predictor o f phytoplankton growth, as Borum and Sand-Jensen 
(1996) have shown N loading rates alone explained only 36% of phytoplankton 
production rates across 51 ecosystems.
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The simple empirical relationships observed in lake systems where increasing N 
and phosphorous (P) loads leads to increased phytoplankton biomass do not always apply 
to coastal ecosystems (Paerl et al. 2009; Nixon 2001; Cloem 1999; 2001). Phytoplankton 
growth is often limited by the availability o f light and nutrients. Phytoplankton blooms 
are subject to the residence time o f the growth-limiting nutrient (Cloem 1999, 2001; 
Valiela et al. 1997; M cGlathery et al. 2007; Paerl et al. 2006). In addition, ‘bottom -up’ 
processes are not the only drivers o f phytoplankton populations; ‘top-dow n’ processes 
such as grazing (Cloem 2001) may also affect phytoplankton biomass. Cloem (2001) 
noted that while the mean annual N and P loading rates were higher in San Francisco Bay 
than in Chesapeake Bay, primary production rates were much lower (about 1/20 that o f 
Chesapeake B ay’s primary production rate) and many o f the problems associated with 
increased nutrification o f coastal ecosystems, such as benthic anoxia/ hypoxia, were not 
as common.
Coastal ecosystem responses to increased N loading may be dependant upon 
complex interactions between physical and biological drivers. For example, hydrological 
factors such as water column stratification (Cloem et al. 2005), and water residence time 
(Valiela et al. 1997), as affected by fresh water discharge, play an important role in 
determining biological responses to nutrient inputs. The quality and quantity o f available 
light influences benthic primary production and in turn impacts benthic microbial process 
rates (Ferguson and Eyre 2010; Cloem 2001; M cGlathery et al 2007). Sediment and 
water column respiration rates are especially sensitive to changes in temperature 
(Hopkinson and Smith 2004). N process rates may also be affected by benthic infauna 
(Bertics et al 2010; Piehler and Smyth 2011) and top-down controls such as benthic
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suspension feeder (water column filtration; Alpine and Cloem  1992) and deposit feeder 
abundance (microalgal grazing; Sundback and Miles 2002).
Microtidal estuaries and coastal lagoons make up a significant portion o f the 
w orld’s coastlines, and are especially common along the Atlantic coast o f North America 
(Durr et al. 2011; Boynton 1996; Kjerfve 1994). Unlike deep coastal ecosystems, 
shallow systems are unique because light reaches the sediment surface supporting a 
diverse community o f benthic autotrophs, which may include angiosperms, macroalgae, 
and benthic microalgae (BMA; Nixon et al. 2001; Sand-Jensen and Borum 1991). 
Because these systems are in the photic zone, they have the ability to delay, transform, 
and remove N r before it passes through to the coastal ocean (M cGlathery et al. 2007; An 
and Joye 2001). For this reason, shallow systems may respond differently to increased 
nutrient loading than deep systems. Nixon et al. (2001) noted that unlike deep coastal 
ecosystems, primary production in shallow systems is not solely dependent on nutrient 
inputs. They found that water column N concentrations in shallow systems do not 
correlate with N input rates, suggesting that responses to increased N loading may not be 
isolated to the water column but instead are strongly influenced by the benthic autotroph 
community. This is perhaps due to benthic autotrophs such as seagrasses, benthic 
microalgae, and perennial macroalgae retaining N in their tissues or transforming it into 
forms less able to support phytoplankton production. Thus, shallow systems may serve 
to sequester nutrients, thereby providing protection to the neighboring coastal ocean, an 
ecological service dependent on benthic, not pelagic autotrophic dominance (Joye and 
Anderson 2009; M cGlathery et al. 2007, 2001; Tyler et al. 2003, 2001; Anderson et al. 
2003). In the Virginia Coastal Bays, Hardison et al. (2011) showed that N was indeed
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retained in photic sediments for at least four weeks via the close coupling between BMA 
and sediment bacterial production. However the presence o f macroalgae decreased BMA, 
and bacterial, N and C uptake by the benthos (by approximately 40%), thus decreasing 
the efficiency o f the shallow estuarine nutrient filter.
Other threats to the coastal filter include increased nutrient loading into a system, 
which may alter the composition o f the benthic autotrophic community (Piehler et al.
2010; Kemp et al 2004; Valiela et al. 1997) and eventually the relative dominance of 
benthic and pelagic autotrophs (Schelske et al 2010; McGlathery et al 2007). A 
conceptual model relating environmental drivers to dominance in primary producer 
communities was proposed by Valiela et al. (1997), where shifts from benthic to pelagic 
primary producer dominance are driven by the combined effects o f increased nutrient 
loading and increased water residence times. The Valiela et al. (1997) model 
hypothesized that in photic systems with either low nutrient loading, or very short water 
residence times, seagrasses would be the dominant primary producer. In systems with 
moderate N loading, and/or slightly longer residence times, seagrass will be replaced by 
epiphytes and free-living macroalgae. Finally with greater nutrient loading, and/or longer 
residence times, seagrasses and macroalgae will be replaced by phytoplankton, which 
increase organic matter export to the coastal ocean as opposed to sequestration in the 
benthos as seagrass, macroalgal, microbial, or BMA biomass (McGlathery et al. 2007, 
2001). W hile this model does outline a simple mechanism that may drive shifts in 
estuarine primary producer dominance, it may be too simplistic as it excludes an 
important mediator o f N in shallow systems, BMA. Furthermore, one cannot assume 
fixed water residence times in a system because this property may vary temporally with
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freshwater discharge, and spatially with longer residence times in the upper estuary those 
down estuary. Perhaps the most important factor controlling benthic primary producer 
composition in shallow systems is the quality and quantity o f light available to benthic 
primary producers.
To support benthic primary production, light must first pass through the water 
column. The quantity and quality o f light reaching the benthos is affected by the 
attenuation o f the daily flux o f  photosynthetically active radiation (PAR) to the water 
column surface by substances such as chromophoric dissolved organic matter (CDOM) 
and/or total suspended solids (TSS) that absorb or reflect light in the water column, 
shading by autotrophs such as macroalgae and phytoplankton, and finally by water 
column depth. Several studies have examined shifts in primary producer community 
structure due to changes in benthic light availability (Duarte 1991; Schelske et al. 2010; 
Frankovich et al. 2011; Grinham et al. 2011). Schelske and colleagues (2010) used 
historical phosphorus loading data and light availability models to determine the most 
likely cause o f a shift in primary producer community structure from benthic macrophyte 
dominance to phytoplankton dominance in a Florida lake. Their models suggest that 
changes in water color (darkening), due to the anthropogenic altering o f watershed 
drainages into the lake, could drive shifts in community structure provided nutrient 
loading is sufficient to support the new stable primary producer community. The large 
losses o f photic benthos reported in the Schelske et al. (2010) study resulted in the 
senescence o f large macrophyte beds, which in turn released remineralized nutrients back 
to the water column. This release o f nutrients established a positive feedback loop where 
increasing phytoplankton biomass resulted in decreasing benthic light availability.
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Another factor affecting primary producer community composition may be 
salinity. Many macrophyte/ seagrass species in estuarine systems have narrow salinity 
tolerances (Moore et al. 2000) and may therefore be susceptible to large variations in 
salinity when combined with other environmental stressors such as reduced PAR and 
increased nutrient loading. Frankovich et al. (2011) examined the combined effects o f 
multiple environmental stressors such as salinity, nutrient loading, and light availability 
on the primary producer community structure o f mangrove-dominated estuarine systems 
in the Everglades - Florida Bay ecotone. Two o f the three key predictors o f shifting 
primary producer community structure in that system were salinity and light availability. 
Benthic phototrophs such as seagrass - macrophyte communities have traditionally been 
estimated to persist when at least 1 0 % o f incident irradiance (I0) is available to the 
benthic surface (Kemp 2005), and benthic microalgal communities with at least 1 % I0 
(Zimmerman 2006). Such light-limiting thresholds may be subject to changes in salinity 
(Dobberfuhl et al. 2007). BM A may be more resilient to salinity variation and nutrient 
loading than macrophytes, and are thought to be modulators o f N standing stocks in 
shallow estuarine systems. Grinham and colleagues (2011) examined the effects o f 
sediment type, light and nutrient availability on the composition o f subtidal BMA 
communities in M oreton Bay, a shallow coastal bay in eastern Australia. Their findings 
suggest that short-term changes (1 1  days) in nutrient and light availability do not 
significantly affect BMA community composition. This may however be misleading as 
light availability was only manipulated using 50% shade cloth thereby not exposing 
sediments to the full range o f light intensity found in situ.
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In river-dominated shallow systems benthic light quantity and quality is strongly 
affected by the presence o f river borne substances such as particulate organic matter 
(POM) including detrital material and CDOM, which enters the system from the 
surrounding watersheds. CDOM is usually modeled to absorb light at 440 nm (Gallegos 
and Neale 2002). Chlorophyll a and other accessory pigments also absorb light at 676 
nm (Gallegos and Neale 2002). M ineral particulates scatter light entering the water 
column where albedo can result in diminished light quantity to the benthos.
Freshwater discharge may affect many variables in these systems including 
residence time, light availability, salinity, and allochthonous nutrient supply, which may 
in turn affect the ability o f the benthos to function as a nutrient filter. Fresh water 
discharge can affect salinity, which in turn can also affect the attraction of both inorganic 
phosphorus (IP) and NH4+ to sediment particles by releasing inorganic P from 
terragenous particles in relatively higher saline waters (Jordan et al. 2008) as well as 
reducing exchangeable NH 4+ in marine porewaters (Seitzinger et al. 1991) by stimulating 
NH4+ to flux into the water column (Giblin et al. 2010).
Section 1.2 - Sources, sinks, and transformations of N in shallow photic systems
1.2.1 - Allochthonous Sources o f  Nitrogen
Allochthonous sources o f N are transported to shallow estuaries and coastal 
embayments via riverine discharge, surface water runoff, direct ground water discharge, 
base flow, atmospheric deposition, from point sources as sewage/ industrial wastes and 
confined animal feeding operations (CAFOs) and non-point sources such as agriculture,
forest, urban landscapes, and the coastal ocean. The relative importance and composition 
o f allochthonous N to shallow systems may vary episodically, seasonally, and inter- 
annually depending on the rate o f freshwater input.
In many deep river-dominated systems pelagic primary production is supported 
mainly by allochthonous nutrient sources (Nixon 1995; Paerl 1997). The dominant 
species o f total dissolved N (TDN; dissolved organic N (DON) + dissolved inorganic N 
(DIN)) transported in rivers is DON, comprising approximately 90% o f the TDN pool 
(Seitzinger and Sanders 1997; Bradley et al. 2010). As a component of the dissolved 
organic matter (DOM) pool, which also contains dissolved organic carbon and 
phosphorous (DOC, DOP), DON has traditionally been thought o f as unimportant and 
composed largely o f refractory compounds (Bronk et al 2007). However, some 
components o f the DON pool, such as amino acids and urea, have been shown to support 
phytoplankton growth, particularly when phytoplankton are competing with 
bacterioplankton for dissolved N, as they are typically outcompeted for dissolved 
inorganic forms (Bradley et al. 2010; Bronk et al. 2007; Bronk and Glibert 1993).
Humics have also been shown to be a source o f N to phytoplankton (See et al. 2006) 
Bacterioplankton have been shown to utilize DON as a source o f N 
(Stepanauskas et al. 1999, 2000; W eigner and Seitzinger 2004; W eigner et al. 2006, 
2009). The DON available for bacterial uptake in aquatic systems is often estimated in 
incubations based on the change in DON concentration through time. W eigner et al 
(2006) reviewed several studies examining the proportion o f the DON and DOM pools 
utilized by bacterioplankton in riverine systems around the world while also comparing 
their own direct measurements o f available DON and available DOM in non-marine
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portions o f nine rivers along the US Atlantic Coast. DON availability ranged from 0- 
70% worldwide and 0-40% among the 9 Atlantic coast rivers. W eigner and colleagues 
(2006) attribute differences in DON availability to DON flow path and watershed 
coverage (also described in W eigner et al 2009 and W eigner and Seitzinger 2004). Other 
studies (Lorborg and Sondergaard 2009; W eigner and Seitzinger 2004; Stepanauskas et 
al. 1999, 2000) have shown that the percentage o f DON utilized by bacterioplankton also 
varies seasonally, with higher rates o f DON breakdown in the warmer months, most 
likely due to the combined effects o f increased metabolic rates and changes in DON 
composition. Differences in salinity and light environment may also affect DON 
availability as rates o f anaerobic decomposition by sulfate reduction may increase with an 
increase in salinity (An and Gardner 2002). The chemical structure o f DOM may also be 
affected by increased ionic interactions and photo-degradation (M cCallister et al. 2005). 
Other factors affecting DON availability may include the relative proportion o f DIN and 
DON of the total dissolved N pool (TDN) and microbial community composition. The 
role o f bacterioplankton may be viewed as transformative where a relatively less-labile 
form o f allochthonous N, DON, may become a more labile form o f autochthonous N, 
(small-DON or DIN), or transformed into less labile forms such as muramic acid, 
peptidoglycan, or D-alanine.
DON has also been shown to be a source o f N  to benthic macrophytes and BMA, 
especially when inorganic forms o f N  (NH 4+, M V , NO 2") are limiting growth (Sundback 
et al. 2011; Tyler et al. 2003, 2001; Eyre and Ferguson 2005; Ferguson 2004; Nilsson and 
Sundback 1996). W hile DON is often the dominant form o f N  in shallow riverine 
systems, DIN is the most useable form composed o f both oxidized (NO 37 NO 2’, N 2O) and
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reduced (NH4+, NH3, NH 2’) forms o f N, and is the preferred species o f N  for primary 
producers. W ithin the DIN pool primary producers and bacteria prefer NH4+ because 
N 0 3' must be reduced once assimilated into cellular tissues, however it is NCN that is the 
most stable form o f DIN in oxygenated environments. Therefore the dominant species o f 
DIN entering shallow riverine systems is often NO3" transported via surface and ground 
water pathways. The availability o f either species o f N to primary production depends on 
the balance between N sources, intermediary N regulation, and long-term N sinks.
1.2.2 - Autochthonous Sources o f  Nitrogen
The primary source o f N supporting primary production in the shallow Virginia 
and M aryland Coastal Bays is regenerated N (Anderson et al 2010). N available to 
primary producers can be produced within the system (autochthonous N) through the 
following pathways: mineralization o f organic matter yielding NH 4+ (NMIN); conversion 
o f N2 into cellular N  and NH3 (NFIX); dissimilatory reduction o f NO3" into NH4+ 
(DNRA); and the physical breakdown o f N  containing compounds into NH2’, NH3, NH4+, 
etc. Both Sediment NFIX (Bertics et al 2010; Gardner et al. 2006) and DNRA (Gardner 
et al. 2006; An and Gardner 2002) have been shown to be important sources o f N  in 
shallow systems.
N-fixation, the only true autochthonous source o f new N to shallow systems, is 
earned out by a wide range o f  bacterial and archaeal groups. NFIX is an energetically 
expensive process (because N is tri-valent and requires large amounts o f energy to break 
a di-nitrogen triple bond) inhibited by the presence o f oxygen and N H 4+. Regulation o f 
NFIX in marine environments is driven by several environmental factors including the
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prevalence o f fixed N compounds, DOM and Fe++ availability, light availability, 
temperature, salinity, and turbulence (see Zehr and Paerl 2008). M olecular 
characterization o f  NFIX communities have shown that sulfate reducing bacteria (SRB), 
which are responsible for much o f the remineralization o f organic matter in anoxic 
sediments, are the major contributors to N-fixation in the New River Estuary, NC 
(W hitehead et al. in prep; Steppe and Paerl 2002). Bertics et al. (2010) showed that 
NFIX coupled to sulfate reduction was enhanced in sediment surrounding organic-rich 
burrow walls o f the bay ghost shrimp (Neotrypaea califom iensis), where the sharp 
oxic/anoxic boundaries along the burrow walls promote NFIX (rates reaching 8.05 mmol
7 1N m" day" ). This suggests that NFIX rates may be enhanced around areas of high 
bioturbation. However, several studies have also shown that bioturbated sediments are 
sites of enhanced N 2 generation, a sink for N (Piehler and Smyth 2011; Eyre et al 2011).
DNRA is a microbial process, performed by fermentors and sulfide oxidizing 
bacteria, in which NCf" and N 0 2" are reduced to NH 4+(Tiedje 1988). It may serve as a 
key N retention mechanism in shallow river dominated estuaries as it competes with 
denitrification for the reduction o f NCE". DNRA activity is potentially governed by 
organic matter loading rates and is enhanced by sulfide (S '2) generated by sulfate 
reducing bacteria (Tiedje 1988; Burgin and Hamilton 2007; Gardner and M cCarthy 
2009). H2S inhibits nitrification (NTR) and denitrification (DNF), which are significant 
N  sinks in shallow systems (M cGlathery et al 2007; Cornwell 1999), and may stimulate 
DNRA, a source o f N H / ,  by serving as an electron donor (An and Gardner 2002) for the 
reduction o f N O 3' (see explanation in Burgin and Hamilton 2007).
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DNRA rates may also vary with salinity and season in shallow systems. In a 
Texas freshwater wetland, Scott et al. (2008) observed highest potential DNRA rates in 
summer (-20  pM  N m "2 hour"1; August) while DNF rates in the same system averaged 
nearly 10X higher than DNRA rates (-230  pM  N m "2 hour’1; August). In the hypersaline 
(40-60 ppt) lagoons o f the Texas G ulf Coast, An and Gardner (2002) observed higher 
DNRA rates (-50-100 pM  N m ' 2 hour’1) than DNF rates (-0-40 pM  N m ’2 hour’1) and 
attributed these results to high porewater sulfide levels found in these lagoons. Gardner 
et al (2006) also observed elevated DNRA rates in these above-mentioned sites, which 
are high saline environments that experience bottom water hypoxia. In Florida Bay sites 
Gardner and M cCarthy (2009) observed seasonal differences in potential DNRA rates, 
with DNRA highest in summer months and DNF highest in winter. Sediment oxygen 
demand (SOD) also correlated with potential DNRA rates in the Florida Bay system in 
both winter and summer months (r2= .87 p = 0.07 and r2= .78 p = 0.004 respectively). In 
the Parker River, MA, USA, Giblin et al. (2010) observed a strong correlation between
DNRA rates and salinity (r = 0.988, p=0.002), as well as seasonal differences m DNRA
2 1activity; August DNRA rates reached 2.0 mmol N m ’ day’ , while M arch rates were 
O.lmmol N m ’2 day’1. These studies suggest that N retention in shallow river dominated 
estuaries may be enhanced during warmer seasons when porewater H2S concentration are 
high and in areas experiencing high organic matter loading.
The remineralization o f  organic N to NFU+ can occur in both the water column 
and sediments under both oxic and anoxic conditions. NM IN is thought to be the major 
autochthonous source o f N to benthic primary producers in shallow photic systems 
(Anderson et al 2010). NM IN rates may depend upon several factors including:
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temperature, organic matter source (C:N), which can range widely from - 6 .6  
(phytodetritus) to -3 0  (Eyre and Ferguson 2005), rate o f supply o f labile organic matter, 
and availability o f terminal electron acceptors (i.e. O2, SO4, NO3, etc; see Tobias et al. 
2001).
Ammonification (AMN) includes the combination o f NFIX, NMIN, and DNRA. 
Net AMN is measured as the dark flux o f NHU+ from sediment cores. Eyre and Ferguson 
(2 0 0 2 ) measured dark NH 4+ fluxes, across the sediment - water interface, along the 
Southeastern Australian Coast in six sediment primary producer communities,
representing different organic m atter sources. NH 4+ fluxes ranged from < 0  p m o lN  m ' 2
1 2 hour' (uptake into the sediments) in BMA dominated sediments, to -1 0 0  pmol N m'
hour ' 1 in phytoplankton dominated systems, demonstrating that changes in dominant
primary producer or dominant organic matter source affects measured net AMN. Net
N H4+ flux can also vary seasonally, as Ferguson and colleagues (2004) observed net
_i_ 2 - 1
NH4 dark uptake in relatively pristine sediments in winter (-48 pmol N m ' hour' ), 
spring (-52 pmol N m ' 2 hour'1), summer (up to -45 pmol N m ' 2 hour’1), and fall (-40 pmol 
N m ' 2 hour'1) in three estuaries along the M id-Australian East Coast. They attributed the 
observed dark NH 4+ uptake to N H 4+ immobilization by BMA. Sediments receiving 
moderate nutrient loading showed dark NH4+ release in the summer only (75 pmol N m ' 2 
hour'1). Their most heavily impacted system showed sediment NH 4+ uptake only in 
winter and fall while summer NH4+ efflux rates were as high as 310 pmol N m ' 2 hour'1.
Physio-chemical processes, such as changes in salinity and sulfate concentration 
can also affect sediment N cycling by modifying the magnitude o f the exchangeable 
NH4+ pool due to cation exchange (W eston et al. 2010; Giblin et al. 2010; Seitzinger et al.
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1991); increasing DOM decomposition by sulfate reduction; and/or affecting microbial 
community composition (Rysgaard et al. 1999; Seitzinger et al. 1991). W eston et al. 
(2 0 1 0 ) observed decreased NH 4+ adsorption onto sediment particles with increased 
salinity in upper portions o f the Parker River, Plum Island Sound, MA, USA. In lower 
portions o f Plum Island Sound the effects o f salinity were not as pronounced and NH 4+ 
fluxes in upper estuarine sediments were more sensitive to changes in salinity. Giblin et 
al. (2010) noted an indirect effect o f salinity on NH 4+ production in the Parker River 
Estuary, MA, USA. From a single location they were able to link seasonal variation in 
salinity and temperature with variations in DNF and DNRA activity (potential regulators 
o f NKU+ flux). Lower salinities in spring favored relatively higher rates o f coupled NTR- 
DNF (low N H 4+ flux) and higher salinities in summer favored relatively higher rates o f 
DNRA (high NEU+ flux). However, net N  flux measurements alone do not account for N 
stored in the sediment pools as immobilized N and may therefore not provide enough 
information to adequately understand N cycling rates within the sediment or water 
column.
Gross AMN (or NH 4+ turnover) is typically measured as the generation o f ‘new ’ 
NH4+ using the isotope pool dilution technique (Anderson et al. 1997). These values are 
often orders o f magnitude higher (mmol scale) than the dark flux o f DIN from sediments 
(net AMN; typically pmol scale) as gross AMN accounts for the turnover o f the N H 4+ 
pool. Typical gross AMN rates within the Chesapeake Bay range from 4 - 16  mmol N m "2
day’1 (Anderson et al. 2010), and within the Virginia Coastal Bays Anderson et al. (2003)
2 1observed AMN rates at mid estuarine sites ranging from 0.93 mmol N m ’ day’ to 6.53 
mmol N m ’2 day ' 1 (integrated over 10cm sediment depths) in October and May
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respectively. In mesohaline marsh sediments along the York River, VA, USA, Tobias et
2 1al. (2001) observed gross AMN rates ranging from 0.97 to 11.2 mmol N m ‘ hour' 
integrated over 2 m sediment depths.
In the hypersaline Texas lagoons and Virginia Coastal Bays autochthonous N 
(N H / generated within the system) is the dominant N source supporting primary 
producers. These systems receive little allochthonous N inputs via freshwater transport. 
Thus the primary nutrient source supporting primary production in shallow river 
dominated systems may shift between allochthonous and autochthonous (NMIN, NFIX, 
DNRA, physical NH 4+ generation) N supplies depending on freshwater discharge into the 
system.
1.2.3 - Sediments as a N  sink in shallow systems
In deep systems, the major sediment N sinks are burial and coupled NTR-DNF. 
N TR is a chemolithotrophic two-step aerobic process oxidizing NH 4+ to NO2’, and 
subsequently N O 3'. The main drivers o f N TR rates are the abundance o f NH 4+ and O2. 
DNF is the respiratory reduction o f NO 3 to N2; it is a multi-step process, carried out by a 
polyphyletic group o f facultative anaerobic bacteria, where NO 3’ is converted to N 0 2‘, 
then NO, N 20 , and finally N 2 (Thamdrup and Dalsgaard 2008). The presence o f H2S 
inhibits coupled NTR-DNF activity and potentially stimulates DNRA thereby changing 
the fate o f N in marine sediments.
NTR-DNF activity may also be affected by season and salinity. Although not 
statistically significant, Giblin et al. (2010) noted coupled NTR-DNF activity correlated 
negatively with salinity (r2=0.59, p=0.074); coupled NTR-DNF activity was highest in
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the spring and fall (1.0 mmol N m ' 2 day '1) and lowest in the summer (O.lmmol N m ' 2 day' 
’), presumably when porewater H 2S concentrations and DNRA rates are highest. Unlike 
deep systems, N in shallow photic sediments may also be temporarily immobilized in 
sediments by BMA, which compete with coupled NTR-DNF for N H /.
BMA play both a direct and indirect role in controlling the fate o f N in shallow 
systems (Joye and Anderson 2008; M cGlathery et al. 2007; M cGlathery et al. 2004).
BMA can directly take up DIN (Hardison et al. 2010; Tobias et al. 2003; Sigmond and 
Cahoon 1997) and DON (Sundback et al 2011, Eyre and Ferguson 2005; Ferguson et al. 
2004; Tyler et al. 2003, 2001) from the water column as well as from the remineralization 
o f sediment organic matter (Hardison et al. 2010; Piehler et al. 2010; Anderson et al.
2003, 1997; Eyre and Ferguson 2005; Sigmond and Cahoon 1997). In doing so, BMA 
directly compete with bacterial nitrifiers and denitrifiers for substrate (An and Joye 2001). 
But indirectly, BMA photosynthetic activity may oxygenate sediments during the day, 
also potentially stimulating coupled NTR-DNF (Joye and Anderson 2008; An and Joye 
2001).
Sundback and Miles (2000) studied the competition for N between BMA and 
NTR bacteria in a shallow micro-tidal estuary in Sweden. They found BMA N-demand 
to be the dominant benthic DIN sink throughout the year, but the relative dominance o f 
BM A assimilation versus coupled NTR-DNF decreased in more silty sediments.
Sundback et al. (2006) found a similar relationship while working in the Baltic Sea.
BM A assimilation was highest in the spring, comprising nearly 200% o f the calculated 
NMIN rate, whereas maximum coupled NTR-DNF occurred in silty sediments and 
removed -7 .0%  of the calculated NM IN-produced N H /.  Hochard et al. (2010) modeled
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the effects o f BMA on sediment N cycling in photic sediments in Florida Bay and found 
the rate o f N assimilation into BMA to be 70-times higher than N loss through coupled 
NTR- DNF (BMA night and day uptake 467 and 566 pmol N m ' 2 hour respectively; DNF 
night and day rates 1.3 and 18.5 pmol N n f 2 hour respectively).
The competition between N TR bacteria and BMA N-demand may also be 
dependant on the trophic status o f the sediments. Sundback and Miles (2002) found 
macroalgal N demand to be the dominant sediment N sink for the duration o f their study 
(April to June 2000), closely followed by DNF, in heterotrophic sediments in the shallow 
bays o f Sweden’s west coast. However, when light availability was sufficient BM A N 
demand significantly increased preventing the efflux o f sediment N that would fuel 
ephemeral macroalgal growth. An and Joye (2001) showed that BMA N-demand also 
outcompetes N demand from coupled NTR-DNF when N H /  availability is limited. In 
Bogue Sound, NC, Piehler and Smyth (2011) observed lower DNF rates in benthic 
habitats usually associated with higher BM A activity (intertidal and subtidal flats) and 
higher DNF rates in seagrass beds, oyster reefs, and salt marshes. They also observed 
overall increases in DNF during warmer seasons. Likewise, Eyre and colleagues (2011) 
found higher DNF rates in seagrass communities and in communities with high infaunal 
invertebrate activity. Net DIN fluxes into the sediments, and presumably BMA, were 
observed in sand flat communities where DNF rates were typically lower. This suggests 
a suite o f factors including benthic light quality, quantity, sediment type, and sediment 
trophic status may all be important components affecting the fate o f N in shallow systems.
Cerco and Seitzinger (1997) modeled the ability o f BMA to regulate DIN fluxes 
from sediment to water column in Indian River-Rehoboth Bay, Delaware. Their study
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suggested BMA communities act as a strong sink for N during winter and early spring, 
when light attenuation is minimal and allochthonous N inputs greatest. In late summer 
when allochthonous N inputs are low and N remineralization rates higher they suggested 
that remineralization o f BMA biomass and other sediment organic matter result in N 
release from the sediments that could support pelagic primary producers. The length o f 
time BMA can immobilize N in sediments is largely unknown, although Hardison and 
colleagues (2011) showed sediment N retention in coupled bacterial-BM A pools for at 
least four weeks.
The m ajor driver o f sediment N release in shallow systems is most likely a 
reduction in BM A N-demand through the reduction in benthic light availability, but the 
amount o f N released and the lag between significant reduction in BMA N-demand and 
release may depend on several physical and biological interactions. Unlike the 
predictions from the Cerco and Seitzinger (1997) model, Anderson et al. (2003) did not 
observe a large summer release o f N  from the photic sediments o f V irginia’s coastal bays. 
N et autotrophic sediments did not appear to be a significant source o f DIN at any point 
throughout the year and were a net DIN sink in the summer and fall, except following the 
crash o f the macroalgal bloom observed by Tyler et al. (2003). Sediments under 
decaying macroalgae were also a source o f NH 4+ to the water column (Tyler et al. 2003)
In the same system, M cGlathery and colleagues (2001) found BM A activity to be highest 
in late summer, constituting as much as 99% o f primary production, following the die-off 
o f macroalgae that typically occurs between late-June and early-July. Decaying 
macroalgae were a source o f dissolved inorganic and organic N to the water column and 
sediments and particulate organic m atter to the sediments. Regeneration o f this organic
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matter in sediments should result in large fluxes o f DON and DIN from sediments to the 
water column. However, Anderson et al. (2003) observed little net N H /  efflux from 
photic sediments without the overlying decomposing macroalgal mat which suggests that 
BMA act as a cap preventing the efflux o f DIN into the water column in net autotrophic 
sediments. At the same site Tyler et al. (2003) found that when sediments were net 
heterotrophic under decomposing macroalgal mats (and light limited conditions) they 
were a source o f NH 4+to the water column. Hardison et al. (2011) traced N and carbon 
(C) from surface and porewater into sediment bacterial, BMA, and macroalgal pools.
Their results demonstrated that N can be retained in photic sediments. They observed 
tight coupling between BMA and sediment bacterial communities, where bacterial 
remineralization o f macro- and micro-algal organic matter produced both dissolved 
inorganic carbon (DIC) and DIN in sediment porewater which was later taken up by 
BMA (The BMA -  bacterial shuttle).
Bacteria may also preferentially take up DIN if  organic matter C:N ratios are high. 
In shallow Baltic Sea sites (0.5m-1.0m) Sundback et al. (2006) found sediments to be 
both DIN and DON sinks in the spring, but sources o f N in early autumn, demonstrating 
the temporal and spatial variability o f BM A influence on sediment biogeochemical 
cycling and benthic pelagic coupling. Hardison et al. (2010) found that 6-50% of 
macroalgal-derived N was retained in photic sediments as coupled bacterial and BMA 
biomass thus demonstrating the importance o f the BMA nutrient cap. BMA may 
function as both a N  sink and organic m atter source to shallow sediments, and because o f 
this the BMA sink is temporary unless the N trapped in the coupled BMA and bacterial 
pool is permanently buried.
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Another source o f OM derived from BMA is C exudates. Greater than 50% of 
fixed C can be exuded from BMA (Smith and Underwood 2000) as extracellular 
polymeric substances (EPS). Several explanations abound as to the function o f C 
exudation including: substrate stabilization, motility, C-dump for unbalanced metabolism, 
prevention o f desiccation, and extracellular C-storage. The extent, and composition, o f 
fixed C exuded by BMA is dependent upon several factors including substrate type, 
nutrient and light limitations, temperature, tidal exposure period, and physical regime 
(Hanlon et al 2006; M iddleburg et al. 2000; Staats et al 2000; W olfstein et al. 2002; 
W olfstein and Stal 2002). This extracellular material may function as a C source for 
bacteria respiration thereby fueling the tight coupling o f these two communities.
Further experimental work involving BM A ’s ability to sequester N in the 
sediments is needed, specifically experiments that investigate triggers o f N release from 
the BMA cap, as well as the amount o f N  released from sediments into the water column. 
In order to account for the variability o f BMA activity at the ecosystem scale, and thus 
the influence o f BMA on N cycling within an ecosystem, BMA activity along a gradient 
o f light availability must be taken into consideration however, few studies account for the 
variation in BMA production with light availability. Sundback et al. (2004) noted the 
importance o f scaling N sinks with depth; they conducted a study in Gullmar Fjord 
(Sw eden’s west coast) to measure sediment microbial processes at four depths: lm , 5m, 
10m, and 15m. The relative importance o f coupled NTR/DNF increased with increasing 
water depth, which they attributed to a decrease in BMA N-demand. They also reported 
a transition in sediment trophic status (auto- to heterotrophic) between lm  and 5m water 
depths, emphasizing the importance o f benthic light availability on the fate o f N, but the
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depths used in their study are not appropriate for shallow estuaries where average water 
depths are often less than 2m. M urrell et al. (2009) measured benthic production and 
nutrient fluxes at a range o f both photic and aphotic depths ( 1 .0 m -1 0 .0 m) in the lower 
estuarine portions o f Pensacola Bay, FL. W hile not statistically significant, sediment 
NH4+ fluxes did show a negative relationship with benthic productivity (r2 = 0.45) across 
all depths, demonstrating the importance o f accounting for different depths and light 
availabilities within an ecosystem.
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SECTION 2 - PRELIM INARY EXPERIMENTS
The overall objective o f this study was to examine benthic N source and sink 
dynamics at the ecosystem scale in the New River Estuary (NRE), a moderately 
eutrophied estuary in Southeastern NC. This proposed study is part o f a larger project, 
the Defense Coastal Estuarine Research Program (DCERP), with the overarching goal o f 
distinguishing the effects o f Marine Corps Base Camp Lejune (MCBCL) activities from 
those o f the surrounding area on indicators o f NRE ecosystem health. To assess this goal, 
preliminary experiments were run to establish:
1. Role o f  the BMA community in mediating N  fluxes across the sedim ent/ water 
interface.
2. N  limitation o f  BMA metabolism: the role o f  sediment AMN.
BM A N demand has been alluded to extensively in the literature (Hochard et al.
2010; Hardison et al. 2011, 2010; Joye and Anderson 2009; Sundback et al. 2006; 
Sundback and Miles 2000). Testing the effects o f light under different DIN loading rates 
on the ability o f BM A to function as a transient sink for sediment nutrients and “cap” 
sediment N fluxes is necessary to understand how robust this phenomenon is in shallow 
riverine systems experiencing variable nutrient loading and light attenuation levels.
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The remineralization o f organic matter in the sediments may provide sufficient N to 
support BMA N-demand. Although several studies have shown that BMA take up N 
from the water column (Hardison et al. 2011, 2010; Evrard et al 2008; Porubsky et al. 
2008; Tobias et al. 2003; Sigmond and Cahoon 1997), this does not imply that BMA 
production in the New River Estuary is limited to this N source. Studies to date suggest 
that AM N rates can exceed sediment N demand for most o f the year (Anderson et al 2010, 
2003; Sundback et al. 2006), suggesting sediment AMN has the potential to supply 
enough N to support the BMA production in the NRE. During metabolism, BMA can 
release up to 70% of photoassimilated C as extracellular polymeric substances 
(Underwood et al 1997); thus one might expect that preliminary exposure to light will 
increase subsequent respiration o f this high C/N organic matter and that respiration would 
be enhanced by the addition o f water column DIN.
The following experiments were conducted in an environmental chamber at the 
Virginia Institute o f M arine Science (VIMS) in Gloucester Point, VA. The use o f an 
environmental chamber allowed us to maintain environmental conditions such as light 
intensity and temperature.
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SECTION 3 - METHODS
3.1 - Study Site Description
The New River Estuary (NRE; figure 1) is a moderately eutrophied system 
(Mallin et al. 2005) located in southeastern North Carolina and surrounded by Marine 
Corps Base Camp Lejune (MCBCL). It is a shallow system with over half o f the benthos 
less than 2m deep (bathymetry determined by J. McNinch, 2009). The tidal range, 
w hich is approx im ate ly  30cm  on sh o rt tim escales averages ab o u t lm  over annual 
tim escales, m ainly due to the  influence of w ind  (Carolyn Currin p e r com m ). The 
effects o f freshwater inputs on NRE benthic light quality are substantial, as freshwater 
inputs introduce CDOM into the system, which may reduce the areal extent o f the photic 
benthos by as much as half (DCERP AE-3 Annual Report 2010).
Paerl (DCERP annual reports 2008, 2009) has shown that the principal nutrient 
limiting phytoplankton production in the NRE is N. Receiving the majority o f its N and 
CDOM  from the New River, the NRE exhibits strong gradients o f DIN and DON, benthic 
and pelagic chlorophyll a , light attenuation, and CDOM (DCERP AE3 2009 annual 
report). Allochthonous sources o f N to this system include watershed inputs o f DIN, 
DON, and PON derived principally from forest, agriculture and CAFOs, atmospheric 
deposition o f N derived from the volatilization o f hog waste in the many confined animal 
feeding operations in the surrounding region, sewage spills, MCBCE waste water
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treatment facility, and ocean inputs. The NRE is typical o f many coastal systems where 
DON is the dominant N  species in the water column (Bronk 2007, Seitzinger and Sanders 
1997), comprising approximately 90% o f the total dissolved N pool (DCERP AE3 2009 
annual report).
Autochthonous N inputs are potentially very important in the NRE. W hile water 
column DIN and CDOM  concentrations rapidly decrease along the estuarine gradient, 
benthic GPP values remain relatively constant (DCERP Annual Reports, 2008, 2009). 
Preliminary DCERP studies show mid-estuarine peaks in DIN and water column 
chlorophyll a concentrations occurring in the summer, suggesting that autochthonous N 
inputs may fuel pelagic primary producers at least part o f the year. Preliminary studies 
by Anderson et al. (DCERP AE3 2009 annual report) demonstrated high benthic 
ammonification (AMN) rates (~ 400 pM  N n f 2 h '1; Southwest Creek, French Creek, 
Courthouse Bay, and Traps Bay; Figure 1) during summer when allochthonous inputs are 
usually at a minimum.
The upper estuary is characterized by higher levels o f water column CDOM, 
chlorophyll a , and DIN and o f sediment DIN and organic content than the middle and 
lower estuary (DCERP AE3 2009 annual report). As an example o f land use in this 
portion o f the estuary, the Southwest Creek (SWC) watershed is -80%  natural vegetation, 
15% urban, and the remaining area agriculture or tu rf (Juliette Giordano per comm.). 
Expansion o f  personnel in M CBCL is currently underway (Susan Cohen per comm.), 
accompanied by land use change which is likely to result in increased sedimentation and 
nutrient inputs to the estuary and its tributaries. Some responses to watershed 
disturbances have already been observed in a MID estuarine creek, Wallace Creek
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(Figure 1), where sediment AMN rates are often 200% or higher than at other sites 
(DCERP 2009 annual report). W allace Creek drains a watershed area impacted by forest 
clear-cutting, road building, and housing development. An additional MID estuarine 
creek is French Creek (FRN) where natural vegetation (84.1%) and barren areas (10.2%) 
dominate the watershed landscape. In the lower estuary, embayments, such as 
Courthouse Bay, have watersheds partitioned between urban (51.0%), natural vegetation 
(29.6%), barren (7.8%), and tu rf (11.6%) usages (all land use data courtesy o f Juliette 
Giordano).
The NRE provides important services to the surrounding area. MCBCL uses the 
estuary for military training activities. The NRE is also an important recreational and 
commercial fisheries gound for both shrimp and especially hard clam (.Mercenaria 
mercenaria) harvests, as this estuary is one o f the largest commercial claming grounds 
for hard clams in North Carolina (28% of total state landings; NCDMF Hard Clam 
M anagement Plan 2008).
3.2 - Preliminary experiment 1 -  Role of benthic processes in modulating the efflux 
of N under diel conditions and during extended dark conditions.
3.2.1 - Design
This experiment occurred in two phases, with a diel (12 hours light; 12 hours 
dark) phase o f 48-hours followed by an extended dark phase o f 16-days. During the diel 
phase N 0 3~ was added to triplicate cores at ambient N loads (18 pmol 1 day '1) and 2X
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ambient N loads (36 pmol NO3' 1_1 day '1); based on daily loads calculated at the head o f 
the estuary during the study period. During each sampling period NO3' was added in 
nutrient-amended replacement site water with phosphorus at a 16:1 N:P (0.7pm  fdtered; 
-120m l exchange). Light levels were low (-100  pE m ' 2 sec '1) or replete levels (-550  pE 
m ' 2 sec '1). Low light levels were set below 150 pE m ' 2 sec ' 1 to simulate the release o f 
NH4+ from sediments observed from sediments in the Cerco and Seitzinger (1997) study. 
All treatment levels were crossed. Cores were sampled regularly over 2 days. During the 
extended dark incubation that followed no additional nutrients were added to the cores.
3.2.2 - Collection and Setup
Sediment cores were collected in June and October 2009. Twelve sediment cores 
(42.0 cm long, 13.0 cm diameter, sediment depth o f 20 cm,) were collected in June at the 
MID station (French Creek). Experiments in October included 12 sediment cores per 
station from both MID and LOW  estuarine stations (Wallace Creek and Courthouse Bay 
respectively; 24 total). Cores were equilibrated uncapped overnight in site water with 
stirring (60 rpm). After equilibration overlying water was replaced with filtered (0.7pM ) 
site water, cores were capped, and shade cloth was used to achieve the desired irradiance 
levels.
3.2.3 - Sampling and Analysis
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Nutrient fluxes and metabolism were measured during both diel and dark phases 
(14 days total in June, 16 days total in October). During the 48-hour diel phase water 
samples were collected at 4-hour intervals; during the extended dark incubations samples 
were collected at 2,4,7,and 14 (June) or 16 (October) days. Fluxes for nutrients and O2 
were calculated as the slope o f the change in concentration over time ( 1 2  hours light or 
1 2  hours dark) using the following equation:
J =  d C / dt * V I A  (1)
2  1
W here J  is the flux rate in m ' hour' , C  is the concentration (m m o l), t is time (hour), A  is
2 2 
the sediment surface area (m ), and V  is the water volume (m ). Dissolved oxygen was
measured using a Hach optical DO probe and water for nutrient analysis was filtered
(0.45 pm W hatman Puradisc) and frozen (-20° C) until analysis. NEL+ concentrations
were determined using the Phenol Flypochlorite method (Lachat auto analyzer; Liao 2001,
revised 2002). NO3/ NO2 was measured using the Cadmium reduction/ diazotization
method (Lachat auto analyzer; Smith and Borgren 2001, revised 2002).
3.2.4 - Statistical Analysis
A 2-way analysis o f variance was used to analyze diel fluxes with factors o f light 
level, nutrient loading, and light/nutrient interaction by pooling both light flux rates and 
both dark flux rates. Two o f three replicate cores for the lOOpE : 2X ambient N load in 
the October 2009 lower estuarine sites were removed from analysis due to the presence of 
oysters in the cores. No significant treatment effects were observed for N H /  fluxes so
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data were pooled for the extended-dark fluxes and were analyzed using a paired T-test to 
determine if  nutrient fluxes significantly differed from initial extended-dark rates. All 
analyses were run using the R statistical package version 2.9.0 (2009-04-17).
3.2.5 - Results, Experiment 1
During diel incubations o f cores DO concentrations for all sites and treatments 
followed expected patterns in photic sediments with increases in water column DO 
during day and decreases at night (Figure 2). There was no significant effect o f nutrient 
loading rate on DO fluxes during diel incubation (Table 1). Light intensity did, however, 
have a significant effect on the flux o f DO during day periods as well as on T4, two 
nights after the start o f the dark phase (Table 1). Cores receiving the high-level light 
treatments, regardless o f nutrient load, showed greater DO concentrations than those 
receiving the low-level light treatment (Figure 2). DO concentrations peaked in high- 
level light treatments (500pE m ’2 sec '1) at 13mg DO F1 and 16mg DO F1 for middle and 
lower estuarine stations respectively. Peak O2 concentrations in the low-level light 
treatment (-100  pE m "2 sec '1) ranged from 6  mg DO f 1 to 8 mg DO f 1 in October for 
middle and lower estuarine stations respectively (Figure 2).
Diel N F l/,  and PO4' fluxes showed no significant treatment effects (Table 1; P O f 
data not shown) and steadily decreased to near zero by the final day o f diel incubation 
(Figure 3). NO3' concentrations increased, as a result o f multiple additions during 
sampling with mean concentrations ranging from 31 ± 5 pM to 47 ± 13 pM; if  no BMA
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uptake had occurred concentrations would have been -8 1 p M  and -1 6 2  pM  for ambient 
and 2X ambient N load treatments, respectively.
DO concentrations in the water column began to decrease immediately upon start 
o f the extended dark incubation (Figure 2). Two days after start o f dark exposure (T4), 
DO concentrations in all cores except for the LOW  station high-level light treatments 
were hypoxic (DO concentrations < 2.0 mg I '1). DO fluxes in cores previously exposed 
to high-level light treatments were significantly lower than cores previously exposed to 
low-level light treatments after T4 and T6  (Table 3). DO fluxes after T6  were 
indistinguishable from zero; all overlying water was hypoxic after 4 days in the dark and 
remained so for the duration o f the experiment. Large increases in water column NH4+ 
fluxes occurred concurrently with the large decrease in O2 production (Figures 2 and 3). 
By T4 NH4+ fluxes and concentrations were significantly higher than those observed 
during the diel period (p = 2.7 e-05), and continued to increase linearly for the duration of 
the experiment, finally reaching mean concentrations as high as 410 ± 38 pM. NO3' 
concentrations diminished to below 0.1 pM  in all cores by T7, and remained low for the 
duration o f the experiment. The N 1T4+ concentrations in all overlying water columns 
were greater than the amount o f NCfi’ added. Even if  all NO3' added to the water column 
were taken up into sediments and reduced to NH 4+via DNRA the rate o f  production o f 
NH4+ would be less than the NH4+ flux out o f the sediments. Thus, most o f the NH4+ 
diffusing out o f sediments was derived from mineralization o f  sediment organic matter.




This experiment was designed to test metabolic responses o f sediment cores 
exposed to different water column concentrations o f N H / .  T w o  sets o f experiments 
were designed and two sets o f sediment cores were collected: one set to test benthic 
community production (BCP) (measured as generation o f O2), and one set to test benthic 
community respiration (BCR) (measured as removal o f O2). Each set o f cores was 
amended with artificial seawater (ASW ) containing the following concentrations of 
NH4+: 10, 25, 50, and 100 pM  (P O f added at 16:1 N:P).
3.3.2 - Collection and Setup
Sediment cores (3) (20.0 cm long, 5.5cm diameter, with 10.0 cm o f sediment) 
were collected in triplicate from shallow (0.5m M LW ) MID estuarine sites in August 
2009 and held uncapped overnight in site water with stirring. After equilibration, the 
overlying water column was siphoned off and replaced with artificial seawater (ASW) 
with or without nutrients. Cores were capped and incubated at 23° C with stirring (60 
rpm) in a temperature controlled environmental chamber.
3.3. 3 - Sampling and Analysis
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For determination o f NCP, nutrients at concentrations o f 0, 10, 25, 50, and 100 
pM N H 4+ were added at the beginning o f the experiment; whereas for determination of 
CR nutrients were added during the transition from light to dark incubation period  Cores 
were exposed to 4 hours o f light (-500  pE m ~2 s’1) followed by 4 hours o f darkness. This 
design allowed us to examine any potential effects o f increased BMA production on 
sediment respiration rates. W ater column DO concentrations were measured hourly for 
8 -hours.
3.3.4 - Statistical Analysis
An analysis o f variance was used to analyze DO fluxes with the various NH4+ 
concentrations as factors. All analyses were run using the R statistical package version 
2.9.0 (2009-04-17).
3.3.5 — Results, Experiment 2
A ll O2 production was attributed to benthic photosynthesis as the water column 
was composed o f ASW  with NH4+ additions. The concentration o f DO in all cores 
increased during the initial 4-hour light phase, and decreased during the latter 4-hour dark 
phase. Nutrient concentrations did not significantly affect NCP (p value = 0.2558) or CR 
(p value = 0.1826) (Figure 4). M ean O2 production values ranged from 0.29 mg O 2 1’1 
hour’1 to 0.56 mg O2 I’1 hour’1 for 100 and 25 pM  treatments respectively (data not
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shown). M ean O2 consumption values ranged from 0.58 mg O 2 1"1 hour ' 1 to 0.75 mg O2 1" 
1 hour ' 1 for 100 and 10 pM  treatments, respectively.
34
SECTION 4 -  DISCUSSION
Photic sediments are commonly sites o f net DIN uptake, especially in areas 
receiving little freshwater input such as the Virginia Coastal Bays (Anderson et al. 
2010,2003; Hardison et al. 2011). In shallow river-dominated systems like the NRE, 
nutrient loading can vary with the degree o f freshwater input (DCERP AE-3 Annual 
Report 2010), which is transported as watershed runoff and riverine load. Light 
availability to the benthos may also vary with freshwater discharge due to increased loads 
o f CDOM and suspended solids.
W hen sufficient light was available to sediment cores in experiment one, BMA 
took up N from the water column, sequestering it in sediments (Figure 3). Although 
N O 3" was added during each sampling period through replacement water, no standing 
M V  concentrations were observed, suggesting active uptake o f N O 3" by BMA. 
Experiment 2 demonstrated that BMA metabolism was not affected by water column N 
concentrations. Together, these experiments suggest that remineralized N was sufficient 
to support BMA primary production, which acted to cap the sediments and prevent or 
reduce N efflux to the water column. In these experiments BMA metabolism was 
regulated by light intensity but not by nutrient concentrations.
We observed little or no net N H /  flux into the water column during the diel 
phase o f experiment 1 (Figure 3). During the extended dark incubation a linear increase
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in NH 4+ concentration was observed, indicative o f a hysteresis effect in which organic 
matter stored in sediments continued to be remineralized throughout the remainder o f the 
experiment (Figure 3). The large NFl4+ fluxes suggest that coupled BM A/ bacterial N- 
demand was responsible for the initial retention o f mineralized N in sediments as it is 
NH4+, and not NO3", that is the by-product o f the mineralization o f organic matter.
The results from these experiments demonstrate that while BMA are not limited 
by water column N, reductions in light availability resulted in the efflux o f NH4+ from the 
sediments, thereby potentially stimulating phytoplankton blooms and eutrophication.
The next step in understanding how shallow estuaries process N at the ecosystem scale is 
to account for variations in N process rates with depth and light availability. Thus, the 
following objectives and hypotheses were formulated for the rest o f this thesis:
Overarching Objective: To determine how shallow temperate estuaries process 
autochthonous N  at the ecosystem scale.
Experimental Hypotheses:
• (A) - With increasing water depth and decreasing light availability, the
dominant benthic N  sink will shift from  benthic microalgal N  dem and fo r  
production to N 2 generation by denitrification (DNF) /  anaerobic ammonium  
oxidation (ANAMMOX).
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• (B) - With increasing water depth fluxes o f  ammonium to the water column 
will increase.
• (C) - Mineralization o f  particulate organic matter both in the water column 
and aphotic benthos will be important sources o fN  to the water column 
especially in summer.
• (D) - Estuarine-wide, benthic m icrobial processes will intercept and remove 
regenerated N potentia lly  available to support pelagic prim ary production.
In order to determine how shallow systems may function as both a sink and a source 
for N we must scale measurements made at the m scale to the whole ecosystem. Benthic 
N regeneration is potentially an important source o f N  to phytoplankton in shallow 
systems, especially in summer when allochthonous inputs are low and microbial N 
regeneration rates high. The proportion o f this N escaping into the water column may 
depend on the proportion o f  the benthos receiving enough light to support photosynthesis 
and BMA N-demand. Although BM A compete with N 2 generating processes 
(ANNAM OX and DNF) in photic sediments (Sundback et al. 2006; Sundback and Miles 
2002, 2000; An and Joye 2001), at deeper, aphotic depths, this competition will be 
reduced. In addition, pelagic AM N o f DON, the most common component o f TDN in the 
NRE, has commonly been overlooked as a potential source o f DIN available to support 
water column primary production. In Plum Island Sound, MA, and the Virginia Coastal 
Bays, Lundsford (2002) found gross ammonification in the water column to be highest in
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the late summer when temperatures were highest; -15%  o f water column DON was 
ammonified in the VA Coastal Bays, and -20%  in Plum Island Sound, MA.
By accounting for changes in BMA N-demand, benthic/pelagic AMN, and N 2 
generation along depth and estuarine gradients with various levels o f light availability we 
can scale the importance o f microbially mediated benthic N cycling processes to the 
broader ecosystem level, and thereby add to the overall understanding o f how shallow 
temperate estuaries function as coastal filters.
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FIGURES AND TABLES:
Figure 1 - Map o f the New River Estuary including sampling locations, selected rivers 
and embayments, and depth contours. Abbreviated sites include: W AL as W allace 
Creek, FRN as French Creek, and CRT as Courthouse Bay. UP, MID, and LOW  
correspond to upper-, middle-, and lower- estuarine stations respectively. Bathymetry is 
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Figure 2 -  Variations in DO during exposure of sediment cores to varied light and
nitrate additions under diel and dark conditions. Solid grey lines indicate 500pE m '
1 2  1 sec' light levels and IX  ambient N  load. Hashed grey lines indicate 500|aE m" sec'
light levels and 2X ambient N  load. Solid black lines indicate 50pE m ' 2 sec ' 1 light levels
-2 1and IX  ambient N  load. Hashed black lines indicate 50pE m ' sec' light levels and 2X 
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Figure 3 -  Diel and dark NH4+ concentrations (pmol NH4+ I"1) before and during
2 1extended dark period in October 2009. Solid grey lines indicate 500pE m ' sec' light
2 1levels and IX  ambient N  load. Hashed grey lines indicate 500giE m ' sec' light levels 
and 2X ambient N  load. Solid black lines indicate 50gE m "2 sec ' 1 light levels and IX  
ambient N load. Hashed black lines indicate 50gE m ' 2 sec ' 1 light levels and 2X ambient 
N  load. Error bars are ± 1 standard error.
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Figure 4 -  Variations in benthic community production (BCP) and benthic 
community respiration (BCR) with different NH4+ concentrations in August 2009 
shown as changes in O2 concentrations with time. Solid black lines indicate 0 pM  
NH4+ treatment. Dotted lines indicate 10 pM  NH4+ treatment. Short-hatched lines 
indicate 25 pM  NH 4+ treatment. Long-hatched lines indicate 50 pM  N H4+ treatment. 
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APPENDIX -  CHAPTER I
Table 1 -  ANOVA summary tables for October 2009 diel oxygen fluxes. Includes 
degrees o f freedom (D F ), Sum o f Squares (SU M  Sq ), M ean Square Variance (M ean S q ), 
F statistic value (F  value), and residual error/ noise (Residuals).
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Diel Oxygen Fluxes (October 2009)
Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Response: Day 1 Oxygen flux
Df Sum Sq Mean Sq F value P value
Light level 1 226.793 226.793 58.0646 3.426e-07 ***
N  - level 1 2.477 2.477 0.6342 0.4357
Light level:N - level 1 0.031 0.031 0.0080 0.9296
Residuals 19 74.212 3.906
Response: Day 2 Oxygen flux
Df Sum Sq Mean Sq F value P value
Light level 1 143.936 143.936 64.6778 1.550e-07 ***
N  - level 1 0.578 0.578 0.2596 0.6162
Light level:N  - level 1 3.864 3.864 1.7365 0.2033
Residuals 19 42.283 2.225
Response: Night 1 Oxygen flux
Df Sum Sq Mean Sq F value P value
Light level 1 0.08213 0.08213 0.5276 0.4765
N  - level 1 0.00014 0.00014 0.0009 0.9765
Light level:N  - level 1 0.04613 0.04613 0.2963 0.5925
Residuals 19 2.95777 0.15567
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Response: Night 2 Oxygen flux
Df Sum Sq Mean Sq
Light level 1
N  - level 1











Table 2 -  ANOVA summary tables for October 2009 diel NH4+ fluxes. Includes
degrees of freedom (DF), Sum of Squares (SUM Sq), Mean Square Variance (Mean Sq),
F statistic value (F value), and residual error/ noise (Residuals).
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Diel Nutrient Fluxes (October 2009)
Significance codes: ‘***’ 0.001 ‘**’ 0 . 0 1  ‘*’ 0.05 '
Response: Day 1 N H / flux
Df Sum Sq Mean Sq F value
Light level 1 713.1 713.1 2.1420
N  - level 1 11.3 11.3 0.0339
Light level:N  - level 1 2 2 1 . 0 2 2 1 . 0 0.6638
Residuals 17 5659.1 332.9
Response: Day 2 NH 4+ flux
Df Sum Sq Mean Sq F value
Light level 1 1650.5 1650.5 3.7830
N  - level 1 10.7 10.7 0.0246
Light level:N  - level 1 2257.6 2257.6 5.1744
Residuals 17 7417.1 436.3
Response: Night 1 NH 4+ flux
Df Sum Sq Mean Sq F value
Light level 1 3034 3034 1.2513
N  - level 1 2085 2085 0.8600
Light level:N - level 1 159 159 0.0654
Residuals 17 41217 2425














Response: Night 2 N H / flux
Df Sum Sq
Light level 1 8 . 0
N  - level 1 282.2
Light level:N  -■ level 1 159
Residuals 17 7369.5
Mean Sq F value P value





Table 3 -  ANOVA summary tables for October 2009 extended darkness oxygen
fluxes. Includes degrees of freedom (DF), Sum of Squares (SUM Sq), Mean Square
Variance (Mean Sq), F statistic value (F value), and residual error/ noise (Residuals).
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Extended Darkness Oxygen Fluxes (October 2009)
Significance codes-. ‘***’ 0.001 ‘**’ 0.01 ‘* ’ 0.05 ‘.’ 0.1 ‘ ’ 1
Response: Start to Day 2 (Ext. Dark.)
Df Sum Sq Mean Sq F value P value
Light level 1 7.7159e-05 7.7159e-05 37.3035 7.15e-06 ***
N  - level 1 6.9800e-07 6.9800e-07 0.3377 0.5680
Light level:N  - level 1 2.6680e-06 2.6680e-06 1.2900 0.2702
Residuals 19 3.9300e-05 2.0680e-06
Response: Day 2 to Day 4 (Ext. Dark.)
Df Sum Sq Mean Sq F value P value
Light level 1 4.1277e-05 4.1277e-05 9.7061 0.005695 **
N  - level 1 7.6300e-07 7.6300e-07 0.1795 0.676561
Light level:N - level 1 3.0730e-06 3.0730e-06 0.7226 0.405872
Residuals 19 8.0800e-05 4.2530e-06
Response: Day 4 to Day 7 (Ext. Dark.)
Fluxes too small to distinguish from zero
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Table 4 -  ANOVA summary tables for October 2009 extended darkness NH4+
fluxes. Includes degrees of freedom (DF), Sum of Squares (SUM Sq), Mean Square
Variance (Mean Sq), F statistic value (F value), and residual error/ noise (Residuals).
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Extended Darkness Oxygen Fluxes (October 2009)
Significance codes: 0 . 0 0 1  ‘**’ 0 .0 1 0.05 ‘7 0 .1  ‘ ’ 1
Response: Start to Day 2 (Ext. Dark.)
Df Sum Sq Mean Sq F value P value
Light level 1 3490.8 3490.8 2.3810 0.1412
N  - level 1 570.6 570.6 0.3892 0.5410
Lightlevel :N  - level 1 920.5 920.5 0.6278 0.4391
Residuals 17 24924.0 1466.1
Response: Day 2 to Day 4 (Ext. Dark.)
Df Sum Sq Mean Sq F value P value
Light level 1 347 347 0.1462 0.7069
N  - level 1 5921 5921 2.4979 0.1324
LightleveLN  - level 1 10224 10224 4.3128 0.0533 .
Residuals 17 40299 2371
Response: Day 4 to Day 7 (Ext. Dark.)
Df Sum Sq Mean Sq F value P value
Lightlevel 1 33207 33207 1.0387 0.3224
N  - level 1 16113 16113 0.5040 0.4874
Lightlevel:N  - level 1 23465 23465 0.7340 0.4035
Residuals 17 543473 31969
56
Response: Day 7 to Day 14 (Ext. Dark.)
Df Sum Sq Mean Sq F value P value
Lightlevel 1 575 575 0.0473 0.8305
N  - level 1 7451 7451 0.6129 0.4451
Lightlevel:N  - level 1 13491 13491 1.1096 0.3078
Residuals 16 194531 12158
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AUTOCHTHONOUS SOURCES OF NITROGEN IN A SHALLOW 
TEMPERATE ESTUARY: MODULATION BY BENTHIC MICROORGANISMS.
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ABSTRACT
The scaling of N process ra te s  m easu red  a t  the  m 2 scale to a w hole e s tu a ry  m ust 
take into account re la tionsh ip s be tw een  p rocess ra te s  and num ero u s p a ram e te rs  
th a t v ary  bo th  on spatia l and tem p o ra l scales. For estuaries  th a t include d istinct 
h ab ita t types, e s tu arin e  w ide estim ates have been  m ade based  on habitat-specific  
ra te s  and the  areal d istrib u tio n  of those  various hab itats. In shallow  estuaries  
w h ere  th e  b en thos is frequen tly  exposed to  light and  w h ere  light is an im p o rtan t 
d riv er regu la ting  n u tr ie n t cycling p rocesses, it is essen tial to  d e te rm in e  
re la tionsh ip s  be tw een  light availability  and  N process ra te s  in o rd e r to  scale to 
es tu a rin e  w ide ra tes. B enthic and  pelagic m etabolic rates, ben th ic  and  pelagic 
am m onification  (AMN) ra tes, N2 g en e ra tio n  (DNF), ben th ic  m icroalgal (BMA) N- 
dem and, and  N fluxes w ere  m easu red  and  scaled up from  typical m 2 and  m 3 ra te s  to 
system -w ide estim ates. The overall goal w as to d e term in e  how  shallow  te m p era te  
es tu aries  p rocess au to ch thonous N a t the  ecosystem  scale, by accounting  for 
changes in N cycling ra te s  w ith  ligh t availability, estu arin e  position, and  season. In 
shallow  sed im ents, n e t com m unity  m etabo lism  w as au to troph ic  and N g enera tion  
and  rem oval w ere  in approx im ate  balance, w hereas  in d eep e r sed im ents, n e t 
com m unity  m etabo lism  w as h e te ro tro p h ic , and NH4+ w as re leased  from  th e  benthos. 
The p ercen tage  of N rem oved  by ben th ic  N sinks (BMA N -dem and and  DNF) ranged  
from  approx im ate ly  1% in d eep e r aphotic  sites to  over 100%  in shallow  photic  sites. 
The im portance  of pelagic AMN as an  in te rn a l source of N w as seasonally  d ep en d en t 
and  ranged  from  0.5%  of to ta l in te rn a l sources to  18%  of total. Overall, th is s tudy  
highlights th e  im portance  of ligh t q u an tity  in shallow  system s as w ell as the  need to 
accoun t for v aria tion  in m icrobially  m ed ia ted  N cycling ra te s  w ith  depth .
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SECTION 1 - INTRODUCTION
Shallow estuaries represent a significant portion o f the w orld’s coastal ecosystems 
and are common along the US Atlantic and G ulf coasts (Durr et al. 2011, Boynton 1996, 
Kjerfve 1994). Reactive nitrogen (N) inputs in many o f these systems are increasing and 
projected to intensify in the coming decades because o f increasing human activity 
(Howarth et al 2011, Galloway et al. 2008). Furthermore, N loading in many deep 
coastal systems often results in increases in phytoplankton biomass (Nixon et al. 2001; i.e. 
pelagic eutrophication) and subsequent increases in organic matter (OM) flux to the 
benthos. Consequently, deeper coastal ecosystems are experiencing expanded areas o f 
benthic hypoxia (Diaz and Rosenberg 2008) and may potentially face ecological regime 
shifts manifest as shifting primary producer dominance (Valiela 1997).
N can enter estuaries via two general pathways: (1) it can be generated within the 
system (autochthonous N), and (2) generated outside and transported into the system 
(allochthonous N). The deposition o f particulate organic matter (POM) can fuel 
autochthonous N generation via remineralization o f OM (NMIN) in both POM and 
dissolved forms (DOM). NMIN represents a large source o f internally generated NH4+ 
available to support pelagic primary production (Anderson et al. 2003, 2010, M cGlathery 
et al. 2007). Additional internal NFU+ sources include N-fixation (NFIX), the biological
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conversion o f N 2 into NH3, and dissimilatory nitrate reduction to ammonium (DNRA), 
the conversion o f NO3' into N H /.  NMIN and DNRA therefore do not represent ‘new ’ 
sources o f N, but rather serve as transformative processes producing N H ^ , and along 
with NFIX are collectively referred to as ammonification (AMN).
Shallow estuaries harbor a diverse assemblage o f autotrophic and heterotrophic 
microorganisms that may intercept ammonified N while it is in the sediment pool, 
preventing its release into the water column. Estuaries with active benthic phototroph 
communities may therefore respond differently to nutrient inputs than deeper aphotic 
systems (Nixon et al 2001, Anderson et al 2010) due to the tight coupling o f C and N 
between benthic macrophyte, microalgal, and bacterial communities (Hardison et al.
2011, M cGlathery et al 2007). Seagrasses, macroalgae, benthic microalgae (BMA), and 
bacteria are the dominant mediators o f N  cycling in photic systems (Anderson et al 2010, 
M cGlathery et al 2004), but the eventual fate o f this sequestered N at the ecosystem scale 
is still unclear. Studies investigating N source and sink dynamics in shallow systems 
often have limited their scope to one water depth, usually in the photic zone (see Eyre 
and Ferguson 2002, M cGlathery et al. 2001, An and Joye 2001, Boynton and Kemp 
1985). Using measurements from a single depth to estimate system wide process rates is 
potentially misleading as N cycling rates may vary with benthic light availability, 
availability o f OM substrate, presence o f macrophytes and sediment macrofauna, and 
surface water and porewater composition. In order to understand larger scale phenomena, 
such as total N retained or removed by the ‘benthic filter’, it is necessary to scale m rates 
to the whole system by accounting for changes in N process rates with depth.
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Few studies have attempted to scale up N processes from m2 rates to whole- 
system rates (Boynton and Kemp 1985, Deutsch et al. 2010, Eyre et al. 201 la  , 201 lb , 
Ferguson et al. 2007, Piehler and Smyth 2011). The methods employed in these studies 
either ignored the interactive effects o f photosynthetic communities on non­
photosynthetic N-processes (e.g. competition between BMA and denitrifying 
communities) or tended to focus on rate variations in different benthic habitat types (such 
as seagrass meadows, oyster reefs, intertidal mudflats, subtidal sands, etc) and not on 
factors such as depth or benthic light availability. W hile this may be an acceptable 
approach for systems with relatively uniform depths, high water clarity, and distinctive 
habitat types, it does not adequately account for rate changes within a single habitat type 
along estuarine and depth gradients.
The possible fates o f N  in shallow system sediments include fluxes o f DIN into 
the water column, N 2O andN 2 production via coupled nitrification/ denitrification (NTR- 
DNF) or anaerobic ammonium oxidation (ANAMMOX), reincorporation into phototroph 
biomass, and burial. BM A function as a transient sink for N  by incorporating dissolved 
N species temporally into their biomass, but BMA biomass will later serve as a source o f 
remineralizable OM for bacteria (Hardison et al 2010). BMA N-demand often 
outcompetes N 2 generating processes (notably NTR-DNF) for DIN in photic sediments 
(Sundback 2006, Joye and Anderson 2008). At deeper depths with limiting light BM A 
N-demand is substantially reduced and N 2 generation may become the dominant N sink 
(Sundback et al. 2006, Sundback and M iles 2002, 2000, An and Joye 2001). The 
eventual fate o f N in shallow systems (i.e. whether N stays in the system, is exported to 
the coastal ocean, escapes via N 2 generation, or is transformed into more refractile forms)
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may therefore depend on benthic light availability. Together, both BM A N-demand and 
N 2 generation function as a ‘benthic filter’ by retaining and removing N in the benthos.
Here we propose an alternative method o f estimating whole system level N 
cycling, whereby we scale up benthic N cycling process rates and the uncertainties 
around those rates by accounting for depth (light availability, OM source, etc) and 
position along the estuarine gradient (salinity, sediment type, etc). Our objective is to 
determine how shallow temperate estuaries process autochthonous N  at the ecosystem 
scale. We hypothesize that regenerated OM is an important source o f N in summer and 
that the importance o f this source to water column primary producers will change with 
benthic light availability. We also predict that the primary N sink is N 2 generation and 
because it competes with BMA the importance o f this sink will increase with depth.
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SECTION 2 - METHODS
2.1 Site description -
The New River Estuary (NRE), a shallow estuary located in southeastern North 
Carolina USA, is a hybrid river-dominated and barrier island lagoonal system that joins 
the Atlantic Ocean through a narrow mouth (Figure 1). The NRE is shallow with over 
half o f the benthos less than 2m deep at mean sea level (MSL; McNinch 2009) and is 
surrounded by Marine Corps Base Camp Lejune (MCBCL) with the city o f Jacksonville 
at its head. This system receives the majority o f its N  and chromophoric dissolved 
organic matter (CDOM) from the New River and exhibits strong gradients o f dissolved 
inorganic and organic nitrogen (DIN, DON), benthic and pelagic chlorophyll a , light 
attenuation, and CDOM (Anderson et al. unpublished data). Allochthonous sources o f N 
to this system include watershed inputs o f DIN and DON derived principally from 
agriculture, atmospheric deposition o f N derived from fossil fuel burning and the 
volatilization o f hog waste from the many confined animal feeding operations in the 
surrounding region, sewage spills, MCBCL waste water treatment facility, and ocean 
inputs. Like many coastal estuaries DON is the dominant N  species in the water column 
(Bronk 2007, Seitzinger and Sanders 1997), comprising approximately 90% of the total
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dissolved N pool (Anderson et al. unpublished). This estuary provides important services 
to the surrounding area including support o f military training activities, important 
recreational and commercial fisheries, shrimp harvests, and is one o f the largest 
commercial claming ground for hard clams in North Carolina (NCDMF Hard Clam 
M anagement Plan 2008).
2.2 Experimental Design -
Sediment N  cycling rates were measured in July 2010 and April 2011 in samples 
collected from three broad sampling regions (hereafter referred to as upper, middle, and 
lower NRE; see Figure 1). Sampling regions were selected based on variations in salinity, 
water residence time, sediment type, and land use. W ithin each region, 3 sampling sites 
were chosen randomly along each o f the 0.5m, 1.5m, and 3.0m (MSL) depth contours. 
Sediment cores and water samples were collected to determine N  process rates, including 
sediment and water column AMN (n=5 and n=4 respectively), BM A N-demand (n=3), 
and the generation o f N 2 by denitrification and anammox (n=3; hereafter referred to as 
DNF). W e also collected samples to characterize sediments including benthic 
chlorophyll a (bchla), percent organic matter, and sediment bulk density (n=3). Specific 
sample replication, collection, and analyses are discussed below.
2.3 Field Sampling
2.3.1 -  Sediment Sampling
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Five matched pairs o f sediment cores (5.7cm diameter X 20cm tall polycarbonate 
core; 10 cm depth o f sediment collected) were collected from each sampling site (upper 
estuary, middle estuary, and lower estuary) for determination o f sediment AMN rates. 
Cores for determining DNF (6.4cm diameter X 40cm tall polycarbonate core; ~15cm 
depth o f sediment collected), N  fluxes (6.5cm diameter X 30cm tall polycarbonate core;
1 0 cm depth o f sediment collected), as well as sediment characteristics were collected in 
triplicate from the above-mentioned sites. All sediment cores were collected from 0.5m, 
1.5m, and 3.0m water depths (MSL), except DNF cores, which were collected from only 
0.5m and 3.0m water depths.
All cores were equilibrated uncapped overnight at in situ temperature in site water 
with stirring. July cores were transported to the University o f North Carolina Institute o f 
M arine Science (UNC-IMS) in M orehead City, NC, USA for equilibration and 
processing. April cores were transported to the Virginia Institute o f Marine Science 
(VIMS) in Gloucester Point, VA, USA for processing, except for DNF cores, which were 
processed at UNC-IMS.
2.3.2 — Water Column Sampling
W ater column samples were collected in March, June, and July o f 2011, 0.5m 
below the surface, from the upper, middle, and lower estuarine sites (Figure 1). Sampling 
in June followed a Raphidophyceae bloom in the upper estuary (Benjamin Peierls UNC- 
IMS personal comm.). Sample water was rapidly filtered through a 0.5pm polypropylene 
canister filter (P ark er H annifin Corp.) in the field and placed in an insulated ice bath 
until filter sterilization through a 0.2pM  polyethersulfone filter (Sterlitech) to remove
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bacteria and nanoflagellates (< 6  hours after field collection). An additional water sample 
from each station was collected and filtered through a pre-combusted (500° C for 5 hours) 
0.7pM  filter (W hatman GF/F) to serve as a bacterial inoculum. All water samples were 
transported for processing to VIMS in ice slurry baths.
2.4 N Process Rate Analyses
2.4.1 — Sediment A M N
Sediment AMN rates were determined using the isotope pool dilution method 
described in Anderson et al. (1997). Isotope pool dilution accounts for changes in both 
the concentration as well as the isotopic enrichment o f the N H /  pool, allowing for the 
determination o f the gross production o f N H 4+(Blackburn 1979, Wessel and Tietema 
1992) (Equation 1). Following an overnight equilibration period (~11 hours in site water 
at in situ  temperature with stirring), one o f each duplicate sediment core was carefully 
drained and sediments injected through ports (4 rows o f 9 ports with silicone seals) in the 
core with a total o f 3.6ml, lOmM 15(NH4)2S0 4  at 30 atom % enrichment (Isotec min 98+ 
atom% Lot # EQ0800). Immediately following injection, sediments were slurried in 
250ml 2M KC1 with shaking for 1-hour to extract porewater nutrients. The matching 
cores were also injected with ^(NFL^SCE as described above but incubated at in situ 
temperatures in the dark for 24 hours before being slurried in KC1. All KC1 slurries were 
filtered (Supor 0.45pM ) and analyzed for dissolved nutrient concentrations and isotopic 
enrichment.
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NH4+ was captured from the filtered porewater samples by the ammonia trap 
method described in Anderson et al. (1997). An acidified (10.0 pi 2.5 M KHSO4) filter 
disc, constructed from a pre-combusted (500° C for 5 hours) GF/F filter, was suspended 
above the porewater sample in a sealed HDPE cup. Pre-combusted MgO was added to 
the water sample to buffer the solution at pH -9 .7  and the container sealed. Standards, 
treated identically to samples, were used to determine the efficiency o f the ammonia trap. 
In place o f a field sample deionized water was used and amended with 15(NH4)2S0 4 to a 
final NH4+mass o f 30pg at 10, 20, and 30 atom% enrichments. Additional KCl-only 
standards were also used. After a one-week incubation period, the filter discs were 
placed in a desiccator with concentrated sulfuric acid for 48 hours and packed for isotopic 
analysis in tin capsules. All isotopic analyses were conducted at the University of 
California Davis Stable Isotope Facility in Davis, CA using a PDZ Europa 20-20 isotope 
ratio mass spectrometer (Sercon Ltd., Cheshire, UK; long term standard deviation 0.3 
permil).
Gross AMN rates were calculated using the following equation:
In ( a t o m %  7>-  k ) /  ( a t o m %  T0 - k )  [N H 4+ T0] -  [N H 4+ Tf]
N H /P r o d  =   *   (1)
In [N H 4+ Tf]  /  [N H 4+ T o ]  t i m e
W here 7 / is the final time o f the sample incubation and To is the initial time, k  represents 
the natural abundance o f 15N expressed in atom %. ‘ tim e ’ refers to the duration o f the 
incubation. The gross ammonification experiments (sediment and water column) assume
(a) 14N and 15N behave chemically alike; (b) the labeled N pools are homogenous; (c) the
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isotopic enrichment o f the organic N pool is equal to the natural abundance isotopic ratio; 
(d) AMN rates remain constant throughout the experiment; and (e) the organic N pool is 
not rate limiting.
2.4.2 -Pelagic A M N
Pelagic AMN rates (WC AMN) were also determined using isotope pool dilution 
technique. Upon return to VIMS, 15(NH4)2S0 4  was added to all water bottles in 
concentrations and enrichments set to capture anticipated rate changes for each season. 
Inocula collected from all three sampling sites were pooled and added to the 4 replicate 
bottles from each site. A remaining water sample from each site with no inoculum was 
used to account for any physical or sub-0.2pM  biological breakdown o f DON. Samples 
were incubated at in situ  temperatures in an environmental chamber in the dark and were 
gently shaken at -2 0  rpm. Incubation periods ranged from 8-24 days in order to capture 
anticipated changes in metabolic rates due to variations in temperature and labile OM 
availability. Samples were analyzed for DIN and DON concentration, as well as for 
isotopic dilution o f the 15NH4+ pool. Rates reported below were determined from 
measurements made during the first time step o f sampling periods as these rates were 
only linear during the first time step.
15NH4+ was captured using the ammonia trap method described in Holmes et al. 
(1998). Pre-combusted (500° C for 5 hours) NaCl and MgO were added to water samples 
to bring the final salinity to 35 ppt (where necessary) and final pH to -9 .7  respectively. 
The ammonia trap for WC AMN is composed o f an acidified (25pl 2M H2SO4) and pre- 
combusted 5mm diameter GF/D filter sandwiched between Teflon filters. Incubation
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standards were used to determine diffusion efficiency o f N H 4+ into the trap and consisted 
o f deionized water amended with NaCl and ^ (N H ^S C C  to a final mass o f 60pg N at 0, 
10, and 20 atom% enrichment. NaCl blanks were also tested. After a 2-week trapping 
period filter discs were removed from the Teflon traps and placed in a desiccator with 
concentrated sulfuric acid until packed in tin capsules for isotopic analysis. Isotopic 
analyses were conducted at the University o f California Davis Stable Isotope Facility in 
Davis, CA using a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 
Cheshire, UK; long term standard deviation 0.3 permil).
2.4.3 - Benthic Metabolism and Nutrient Fluxes
Following the overnight equilibration period, the water column within the 
sediment core was replaced with filtered site water (0.45pm), cores were sealed, and 
shade cloth was used to achieve in situ irradiance levels for each sampling depth. July 
2 0 1 0  flux experiments were conducted in outdoor concrete pools filled with water from 
Bogue Sound, at UNC-IMS, to maintain ambient temperature. Nested within the 
concrete pools were translucent fiberglass chambers filled with unfiltered site water from 
the region o f the NRE where cores were collected. Sealed cores were then placed within 
the chambers in order to simulate the in situ  photic environment. Thus, there were 
separate experimental incubation pools for each sampled estuarine region. April 2011 
flux experiments were conducted in an environmental chamber in mesocosms, also filled 
with unfiltered site water by sampling region, at VIMS.
Cores were sampled, after the initial equilibration period, at day 1 dawn, day 1 
dusk, and day 2 dawn. Sampled water was replaced by filtered region specific water
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(0.45jam) and analyzed for dissolved N (N H /, NOx, NO 2') and dissolved inorganic 
carbon (DIC). DIC was measured using an infrared gas analyzer as described in 
Neubauer and Anderson (2003). NH 4+ concentrations were determined using the Phenol 
Hypochlorite method (Lachat auto analyzer; Liao 2001, revised 2002). N O 3 and N O 2 
concentrations were measured using the Cadmium reduction/ diazotization method 
(Lachat auto analyzer; Smith and Borgren 2001, revised 2002).
Fluxes for nutrients and dissolved CO2 were calculated as the slope o f the change 
in concentration over time using the following equation:
Flux (J) -  dC  I dt * V I A (2)
W here /  is a substance with the concentration C  m ' 2 hour'1, t is time (hours), A  is the 
sediment surface area (m2), and V  is the water volume (m3). Estimates o f BMA N- 
Demand were based on gross primary production (GPP) (see M cGlathery et al. 2001 for 
estimation o f GPP) and were calculated using the following equation:
N demand = IGPP -  ( RBma * GPP ) / 9 ] * F (3)
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W here R bm a  represents the fraction of GPP respired by BMA and F  represents the 
fraction o f fixed carbon exuded from BMA. Our calculations assume (a) R bm a  is 10% of 
GPP ;(b) BMA biomass C:N is 9 (see  Sundback et al. 2000); (c) BMA have been shown 
to exude up to 75% o f carbon fixed (W olfstein et al. 2002). Here we choose a 
conservative exudation fraction ( F )  as 50% of carbon fixed.
2.4.5 - N 2 generation
Net sediment N 2 generation (DNFnct) was determined by M. Piehler at UNC-IMS 
using continuous flow methods on intact sediment cores. Triplicate sediment cores were 
collected in July 2010 and April 2011 from above-mentioned sites at 0.5m and 3.0m 
water depths (MSL), transported to UNC-IMS, capped and incubated in an environmental 
chamber until steady state conditions were reached (after 24 hours). After the 
equilibration period, dissolved gas fluxes were measured via continuous flow methods 
described in Piehler and Smyth (2011). N 2 flux was calculated with the following 
equation (M iller-W ay and Twilley 1996):
N 2 flux = ( C out -  Cin) * pump flow rate / A (4)
Where C is the concentration o f  N 2 and Cout and C;n are the outflow and inflow 
concentrations, respectively. A is the sediment surface area (m2). Concentration o f N 2 
was determined by measuring the ratio o f dissolved N 2 :Ar using M embrane Inlet Mass 
Spectrometry (MIMS) as described in Kana et al (1994), Kana et al. (1998), and An et al.
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(2001). Note, this method measures N2 generation as a net rate (DNFnet), and is described 
as the difference between production o f N 2, by both denitrification and ANAM MOX 
pathways and N2 consumption by NFIX. To obtain gross N2 production (DNFgr0ss), we 
added N produced by NFIX, determined for the 0-1 cm depth horizon and measured 
concurrently with DNF and described in W hitehead (in prep), to net DNF production 
rates.
2.5 Scaling from m2 to estuarine-wide scales -
In order to determine how shallow estuaries process N we scaled N process rates 
measured at the m scale to the estuarine-wide scale. N process rates were first converted 
from hourly rates to daily rates, accounting for light dependence/independence by 
multiplying light dependent processes by the number o f daylight hours, and assuming N 2 
generation only occurs at night due to competition with BMA N-demand. Each specific 
daily process rate was then multiplied by the area, or volume, o f the estuary it represents. 
Uncertainties around each rate were calculated using bootstrapping methods discussed 
below (under Statistical Analyses) and in appendix A. Because sediment cores were 
taken at discrete depths, process rates measured from a fixed water depth were assumed 
to represent a range o f depths for a given region in the estuary. For example, cores taken 
in the middle estuarine region at 1.5-m water depths represent areas o f the middle estuary 
constrained by 1.0-m and 2.0-m water depths. Cores taken at 0.5m depths were used to 
represent an area bracketed from the water surface to 1.0m deep areas. Light is rapidly
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attenuated through the NRE water column; thus, cores taken at 3.0m water depths 
represented all areas o f a particular estuarine region deeper than 2.0-m (Table 1).
Several key assumptions were made when scaling N process rates to the 
ecosystem scale, namely (a) DNFnet is only important at night because denitrifiers are 
outcompeted for N  by BMA during the day (Sundback et al. 2004; Cornwell et al. 1999);
(b) N  generated by sediment AMN in the top 10 cm o f sediment captures remineralized 
(or fixed) N H ^  available to water column primary producers through diffusion; (c) BMA 
N demand is calculated based on GPP and a 9:1 C:N. We assume 50% of fixed carbon is 
re-released as BMA have been shown to exude up to 75% of carbon fixed (W olfstein et al 
2002). To test the effects o f varying C exudation fractions we performed a sensitivity 
analysis varying C exudation from 0-75% o f C fixed.
2.6 -  Statistical Analyses
A 3-way analysis o f variance was used to analyze N process rates with factors o f 
season, site, and depth. Data were divided by season and conservative post-hoc  tests 
(Bonferroni’s multiple comparisons) where performed to determine the significance of 
individual site and depth differences when significant interaction terms were present. 
M eans were noted as significantly different if  p < 0.05.
Uncertainties around system-wide rates were determined using Monte Carlo 
methods (specifically bootstrapping) where sampling pools for each N process rate were 
created by repeating in s/ttz-sampled observations. Each sampling pool was sampled 
1 0 0 ,0 0 0  times (with replacement; n= number of actual in situ sample replicates) for each
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N process rate for each estuarine region and depth. Sampling event standard deviation o f 
the means were obtained and scaled up to calculate uncertainty around system-wide 
observed rates. All analyses were run using the R statistical package version 2.9.0 (2009- 
04-17). R Development Core Team (2009).
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SECTION 3 - RESULTS
3.1 - Sediment Characteristics
Generally the upper estuary is a deeper river-dominated system gradually 
transitioning to a shallower barrier island system toward the estuarine mouth.
Sediment %OM was greatest in upper estuarine sites ranging from 11.9% (± 1.3) at 0.5m 
to 19.4% (± 0.5) at 3.0m (Table la). Down estuary %OM was substantially lower in 
shallow sites, with values as low as 0.5% (±0.0) and 0.9% (± 0.2) at 0.5m depths in the 
middle and lower estuary respectively (Tables lb  and lc). Deeper sediments at both 
middle and lower estuarine sites had significantly greater %OM (p < 0.05) with values of 
10.9% (±1.1) in mid-estuary at 3.0m depth and 7.3% (± 0.1) and 3.1% (± 0.5) in the 
lower estuarine at 1,5m and 3.0m depths respectively. Similar patterns were observed in 
sediment NH4+ concentrations in both July 2010 and April 2011 (Tables la , lb , lc). We 
observed the higest concentrations o f bcltf(3m m  thickness) among shallow (0.5 m) 
sediments with highest abundances in summer (124.2, 161.6, and 131.3 mg n f  in July 
2010; 38.6, 85.7, and 52.5 mg m ' 2 in April 2011 for upper, middle , and lower 0.5m sites, 
respectively). The largest range o f bc\a across depths ( 0 .5 - 3  m) was observed in July
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2 0 1 0 ; in deeper portions o f the estuary bcla abundance was relatively low in both spring 
and summer (Table la , lb , lc).
3.2 - Sediment N processes at m2 scale
There were no significant differences in sediment AMN rates with respect to
season, site, or depth. In April, sediment AMN rates ranged from 3.13 (±1.84) mmol N
m ' 2 day ' 1 to 7.55 (± 2.93) mmol N m ' 2 day ' 1 (Figure 2a, 2b, 2c). July sediment AMN
rates ranged from 4.00 (± 2.01) mmol N m ' 2 day ' 1 to 13.53 (± 6.62) mmol N m ' 2 day '1.
Although not statistically significant, July AMN rates were generally greater than April
rates with the exception o f two sites, up-estuary at 0.5m and low-estuary at 0.5m. July
was the only month where a significant effect of site and depth was observed on DNFnet
2 1rates (Figure 3a, 3b, 3c). DNFnet rates ranged from 0.60 (± 0.05) mmol N m ' day' to 
3.96 (± 0.23) mmol N m ' 2 day ' 1 in 0.5m lower and 3.0m middle estuarine regions 
respectively.
BMA N-demand rates in both July 2010 and April 2011 were, as expected, 
significantly affected by water depth (p = 1.1 * 10' 12 in April; p= 3.3 * 10' 6 in July). The 
lowest rates were observed at 3.0m in July 2010 with values at that depth ranging from 
0.19 (± 0.19) to 1.29 (± 0.70) mmol N m ' 2 day ' 1 for upper and lower estuarine sites 
respectively. The highest BMA N-demand rates were also observed in July in 0.5m
water depths, with rates ranging from 1.64 (± 0.47) mmol N  m ' 2 day _1 to 4.14 (± 0.75)
2 1mmol N m ' day' in middle and upper estuarine regions respectively. April 2011 rates 
were lower than July 2010 rates at 0.5m sites in the upper and lower estuary, as well as in 
lower estuarine sites at 3.0m.
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3.3 - Pelagic N processes at m3 scale
Gross pelagic AMN rates varied slightly with season with lowest rates ranging 
from 0.01 (± 0.01) mmol N m ' 3 day ' 1 in M arch 2011 to 0.78 (± 0.20) mmol N m ' 3 day ' 1 
following a Raphidophyceae bloom in June 2011 (figure 4a). No significant effects o f 
estuarine site or season on gross AM N rates were observed, with the exception o f the 
upper estuary in June (Figure 4a).
3.4 - N process rates at estuarine-wide scales
N H 4+ generated in the water column by AMN ranged from 0.2 kmol N region ' 1 
day ' 1 in the lower estuary in March, to as high as 46 kmol N region ' 1 day ' 1 in the upper 
estuary in June following a phytoplankton bloom  (Figure 4b). The importance o f pelagic 
AM N to the total autochthonous N production varied widely depending on season and 
bloom conditions. In spring, gross pelagic N H 4+ generation accounted for 0.9% (5.3 *
103 mol N  day '1) o f the estuarine total N (TN; TN = PON + DIN + DON) load. In 
summer, pelagic AMN accounted for 2.1% o f the estuarine TN load using July 2011 
pelagic AMN rates. Following the phytoplankton bloom, pelagic AM N accounted for as 
much as 6.5% o f the estuarine TN load using June 2011 rates (NRE total N  load 
estimates courtesy o f Anderson et al. DCERP AE-3 unpublished).
In April 2011 BMA N -demand was lower along the 0 -lm  depth contour, ranging 
from 12.6 (± 0.9) to 30.9 (± 2.1) kmol N day ' 1 (Figures 5a, 5b, 5c). W hereas BM A was 
the dominant N sink along the 0 -lm  depth contour, DNFgross dominated in the deeper 
>2.0m sediments removing as much as 33.2 (± 1.1) kmol N day ' 1 in the upper estuary
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and 26.9 (± 4.8) kmol N day ’1 in the middle estuary. DNFgr0ss removed greater 
proportions o f the total estuarine sediment generated N (gross sediment N H /  generated 
in whole estuary) in April 2011 (82%) than in July 2010 (6 6 %), but removed less mass 
(124.4 kmol N day ’1 in April; 155 kmol N day’1 in July).
In July 2010, N demand by BMA was responsible for removal o f 16.9 (± 1.3 ) to 
25.9 (± 3.8 ) kmol N day ' 1 along the 0-1 m depth contour (Figures 6 a, 6 b, 6 c). The N 
demand and thus sequestration by BMA corresponded to 96% and 104% o f the July 
sediment AMN rate (> 100% indicating uptake from the water column; Figure 8 b).
Using N fixation rates measured concurrently by W hitehead et al. (in prep ) we were able 
to calculate gross N2 production (DNFgr0ss) for the system, which better represents the 
actual removal o f N from sediments due to DNF. Removal via DNFgross in July along 
the 0 - l m  depth contour was generally smaller than BMA N demand and ranged from 2.9 
(± 0.2) to 14.9 (± 0.6 ) kmol N day’1. W hile BMA N-demand was the dominant N sink 
along the 0 - l m  depth contour (figure 6 a, 6 b, 6 c), DNFgr0SS was the dominant N sink in > 
2.0m deep sediments. Among the > 2.0m sites, N sequestration via BM A N-demand 
ranged from 1.0 (± 0.4) to 3.3 (± 1.4) kmol N day’1 and DNFgross ranged from 2.1 (± 0.2) 
to 74.6 (± 1.5) kmol N day’1.
BMA N demand sequestered 13.1% (37 kmol N day’1) and DNFgross removed 
14.7% (41.8 kmol N day’1) o f sediment generated N in the upper estuary in July. In 
middle estuarine sites BMA N demand sequestered a total o f 9.2% (29.6 kmol N day’1) of 
sedment generated N while DNFgross removed 31.5% (101.7 kmol N day’1). In lower 
estuarine sites BMA N demand dominated, sequestering 44.4% (26.3 kmol N day’1) o f 
sediment generated N, while DNFgross removed 19.4% (11.5 kmol N day '1). When
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combined, benthic nitrogen sinks removed from 27.8% to 63.8% o f nitrogen generated in 
the sediments in July in the upper and lower estuary respectively.
In April 2011 BMA N-demand in the upper estuary sequestered 19.7% (35.1 kmol 
N day '1) o f sediment generated N, while DNFgr0Ss removed 29.6% (52.7 kmol N day '1).
In middle estuarine sediments BMA N-demand sequestered 21.0% (47.6 kmol N day '1) 
and DNFgross removed 24.2% (55.0 kmol N day '1). BM A N demand in the lower estuary 
sequestered 42.6% (25.7 kmol N day '1) o f sediment generated N, while DNFgr0ss removed 
27.8% (16.7 kmol N  day '1). Overall, the shallower lower estuary removes a larger 
fraction o f nitrogen from sediments (a combined 70.4% and 63.8% in April and July 
respectively) than the generally deeper upper (49.3% and 27.8% in April and July) and 
middle (45.2% and 40.7% in April and July) estuarine regions.
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SECTION 4 - DISCUSSION
4.1 - Characterization of NRE Benthos
Approximately 27% o f the NRE benthos is shallower than 1.0m, and 56% 
shallower than 2.0m (MSL) (Table 1; M cNinch unpublished). The NRE benthos is 
typical o f many shallow estuaries, gradually tranisitioning from organic and NH 4+ rich 
sediments at the head o f the estuary to organic and N H /  poor sediments at the estuarine 
mouth. BMA are abundant in shallow portions o f estuaries (M cGlathery et al. 2004), and 
in the NRE we observed bchh? ranging from 18.4-161.6 mg m ‘2, which is somewhat 
higher than observed in other shallow subtidal benthic habitats such as in Hog Island Bay, 
Virginia (11 to 84 mg m '2; Anderson et al. 2003; 1 0 - 8 0  mg m ‘2 M cGlathery et al 2001) 
and the Gullmar Fjord (11-102 mg m~2; Sundback et al. 2004). Our observed BMA N- 
demand rates exhibited similar spatial and depth patterns as observed in bchl# (see 
figures and tables). M icroscopic analysis o f surface sediments demonstrated dominance 
by pelagic diatoms, and there were significant relationships between benthic gross 
primary production and bch \a (Anderson et al. unpublished) suggesting that the majority 
o f measured belli# was indeed BMA and most likely not deposited phytoplankton.
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4.2 -  Benthic N Mass Balance
The amount o f N derived from sediment AMN available to water column primary 
producers varied greatly with depth/ light availability. This phenomenon is driven by 
interactions o f both light dependent and independent sediment N sinks and sediment 
N H 4+ generating processes. York et al. (2010) observed constant sediment AMN rates 
along the Childs River, MA and throughout the year, which they speculated were caused 
by similar remineralized source material. NMIN is probably the major contributor to 
sediment AMN (as opposed to DNRA or NFIX; Anderson et al. 2010), and we can 
assume AM N rates depend on the rate o f supply o f labile organic matter as does sediment 
respiration (Hopkinson and Smith 2004). However, our measured sediment AMN rates 
did not significantly vary with depth, position, or season (Figure 2) due in part to high 
residual variation (i.e. low signal to noise ratio). This study focused on the fate o f that 
regenerated N H4+.
It was necessary to account for seasonal NFIX variation in order to determine the 
fate o f regenerated N H 4+ in sediments. Seasonal and depth-dependant NFIX variation 
will affect the interpretation o f DNFnet as this term is equal to DNFgr0ss + NFIX. So while 
DNFnct may decrease in some areas and seasons our estimations o f N removal, and thus 
the fate o f regenerated NH4+, may be different becasue they are based on DNFgr0Ss. Any 
seasonal variation in sediment NFIX was probably accounted for in the sediment AMN 
term as this method measures all NH4+ generating processes (NMIN, DNRA, NFIX) 
except light dependant NFIX, but intracellular pools o f NH3 generated in the light may 
also be released in dark. Thus we assume here that AMN does account for all NIFX. The
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contribution o f NFIX to AMN did change with season and was higher in summer 
(W hitehead in prep).
BM A N-demand in the NRE did vary with season and depth as hypothesized. 
W hile the BMA N -demand retention pathway does not result in permanent removal o f N 
from the system, it may temporarily retain N in shallow sediments until periods o f lower 
pelagic primary productivity (Cerco and Seitzinger 1997). In summer, estuarine benthic 
N sinks (BMA N-demand and DNF) removed greater than 100% o f the N generated 
within the shallow sediments (Figures 8 a and 8 b). With increased water depth and 
reduced benthic light availability the proportion o f N  retained in the benthos by BMA N- 
demand was reduced, thereby increasing the amount o f sediment generated N available 
to the water column (Figure 4). Compared to summer, spring N retention by BM A N- 
demand was dimished. Lower DNFnet in the summer is driven by higher rates o f NFIX 
and does not necessarily indicate less N  mass removed. Spring DNFgross removed a total 
o f 124.4 kmol N from the NRE, while summer DNFgr0ss removed a total o f 155.0 kmol N. 
This might suggest that in shallow systems a shift occurs from spring to summer where 
lower proportions o f N generated in sediments are being removed from the system in 
summer than is retained in the system as part o f coupled BMA and bacterial biomass 
(Hardison et al. 2010). This does not necessarily indicate that the total mass o f N 
removed is less, as greater amounts o f N were removed in summer than spring.
Precisely when the benthos shifts from net retention to removal may be system 
specific as previous studies have documented seasonally dependent DNF (N removal) 
rates. In a study quantifying N 2 generation by habitat, Pieler and Smyth (2011) observed 
highest net DNF rates in summer in Bogue Sound, NC, USA. In their study DNFnet rates
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ranged from approximately 30 pmol N m '2 hour 1 in subtidal flats to approximately 180
2 1pmol N m" hour" in oyster reefs. Although whether these rates are driven mostly by 
actual changes in DNF or whether they are driven by changes in NFIX is unclear, and 
while both habitats are present in the NRE, oysters on the edges o f marshes are found 
only in the adjoining Intracoastal W aterway and fringing along marshes. In the heavily 
developed Childs River, W aquoit Bay, MA, USA, York et al. (2010) observed a higher 
proportion o f sediment N removed by DNF in summer ( -48%  June) than in spring 
(-11%  April). The eventual fate o f N  may also be determined by water depth and thus 
light availability. BMA N assimilation becomes less important, and DNF a more 
important N  sink, as net community metabolism shifts from net autotrophy to net 
heterotrophy (Ferguson et al. 2004). Increased DNF rates are likely a result both of 
decreased competition for reduced N species between nitrifying-denitrifying bacteria and 
BMA (Anderson et al. 2003, Sundback and Miles 2000), and increased availability of 
organic matter to fuel DNF. The Childs River system is has nearly year-round coverage 
o f the benthos by macroalgal mats (Peckol and Rivers 1996) and may be more favorable 
for higher rates o f DNF through less competition with BMA (Tyler et al. 2001). 
Sundback et al. (2004) measured BMA and DNF activity along depth gradients in 
Gullmar Fjord, Sweden, and while their overall depth gradient encompassed deeper 
depths (0-15m) their observed DNF rates were similar to those measured in the NRE 
(—20 pmol N m"2 h"1) and generally increased with water depth. They calculated that 
DNF and BMA N-demand removed about 133% of N generated in shallow sediments, 
while deeper sediments removed approximately 20%. We observed removal and
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sequestration o f as much as 136.9% of N generated by AMN in shallow sediments in July 
and as little as 14.6% at deeper depths.
We estimate that in the absence o f burial 62.8% o f the total NEL+ generated in the 
sediments is available in summer (based on our July 2010 rates) and 49.9% is available in 
spring. York et al. (2010) estimated a contribution o f 42% o f sediment generated N was 
available to support phytoplankton growth in the Childs River. Their system has an 
average water depth o f 1,4m (Valiea et al. 1997) and possibly high OM inputs to 
sediments from the presence o f thick macroalgal mats. W hen we scaled the actual 
measured NH 4+ fluxes, only 3.0 m sites demonstrated large contributions o f sediment 
NH4+ to the water column, with shallower sites maintaining a net neutral or negative 
(uptake) flux throughout the year (Figure 7) due to the high N sequestration rates in 
shallow sediments chiefly by BMA.
4.3 -  System-Wide Uncertainty Propagation
To our knowledge there are limited reports o f attempts to scale N process rates to 
estuarine-wide estimates based on variations with depth in shallow systems. Likewise, 
few studies account for the uncertainty around depth-integrated process rates in shallow 
systems. Several studies have however examined the uncertainties around system wide 
measurements scaled by other metrics and provide several approaches to estimating these 
terms (Eyre 1995, Eyre et al 2011, Blukacz et al. 2005, Lo 2005, Lehrter and Cebrian 
2011). Our approach to propagating uncertainty in system-wide estimates was to use a
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bootstrapping type o f analysis to generate variances around repeated computations o f N 
process rate terms using observed data. W hile this type of analysis does not provide 
detailed descriptions o f error structure (Lo 2005), it was relatively simple to derive the 
dominant source o f error associated with calculating available N from the benthos using 
basic error propagation principals. The method we employed has been shown to be a 
relatively robust method o f error propagation (Blukacz et al. 2005). Bootstrapping 
approaches are however subject to our ability to characterize the true range o f parameter 
variation found in situ.. Sources o f error in each term o f the system-wide benthic N 
budget are discussed below.
The dominant source o f error in our scaled sediment N  budget was sediment 
AMN. Other studies also found a high degree o f variation o f sediment AMN across 
estuaries and coastal embayments (Anderson et al. 2003, Ferguson et al. 2007). In future 
studies it may be wise to target this N budget term with increased sampling efforts (i.e. 
higher sample replication) to reduce uncertainty. One o f our key assumptions was that all 
N H4+ available to diffuse into the water column would be captured in our 10cm sediment 
section. Since the most labile OM in sediments is usually found within the first few 
centimeters o f the sediment profile (Aller 2004) we are comfortable that this assumption 
has been met. Still the ‘true’ mean may be masked by artifacts commononly associated 
with intact sediment cores (i.e. presence o f infauna, large debris, etc). Also, the 
advection o f porewater may enhance benthic respiration, and thus OM mineralization, by 
oxygenating porewaters and providing fresh sources o f organic C to relatively permeable 
sediments (Huettel et al 2003, Billerbeck et al. 2006; Werner et al. 2006) Changes in 
salinity may also affect the diffusion o f NH4+ out o f sediments as well as the relative
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attraction o f N H ^  to sediment particles through increased ionic interactions (Weston et 
al. 2010, Giblin et al. 2010). Even though targeted sampling efforts to reduce residual 
sampling error around the sediment AMN term may be beneficial, they still may 
underestimate true AMN rates simply by using intact sediment cores.
BMA N-demand comprised the smallest source o f uncertainty to the total N 
budget. However, the magnitude o f BMA N-demand is dependent on the amount o f 
fixed carbon released extracellularly by BMA (see methods). The degree to which BMA 
produce carbon-rich extracellular polymeric substances (EPS) may depend on several 
environmental factors including light and nutrient availability and temperature 
(M iddleburg et al. 2000, Staats et al. 2000, W olfstein and Stal 2002, W olfstein et al. 
2002). W hen calculating BMA N-demand we assumed BMA exude 50% o f carbon 
fixed at all sites and depths. BM A may exude up to 75% o f fixed carbon (W olfstein et al. 
2002), but how EPS production varies with depth is unclear. The term accounting for C 
exudation by BMA was originally absent in the Sundback and Miles (2000) N demand 
calculation (Equation 3.). W hen we vary the C exudation term estimates o f BMA N 
demand respond in a linear fashion (i.e. if  C exudation were 0%, BM A N demand rates 
would double), but estimated N fluxes remain with the 95% confidence limites imposed 
mostly by uncertainty around sediment AMN.
Measurements o f DNF are also associated with a high degree o f uncertainty since 
they represent a net number and depend on concurrent rates o f NFIX in the same cores. It 
is important to note that we calculated net sediment N 2 production using changes in the 
N 2 :Ar o f the overlying water column o f sediment cores in a continuous flow system using 
MIMS (see methods). This technique has been used extensively in North American and
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Austrialian systems (see Eyre et al. 2002; Cornwell 1999; Kana et al. 1994, 1998) and 
provides a relatively precise measurement o f  N 2 production (Groffman et al. 2006), but in 
order to obtain gross DNF rates N 2iAr techniques must be accompanied with concurrent 
measurements o f NFIX, which we measured independently o f the MIMS setup. One key 
assumption that we made during our study was that dark DNFgr0ss was the only source o f 
N 2 . DNF rates were assumed to be negligible during day time periods due to competition 
between coupled NTR-DNF and BMA for NEU+ and also because N 2 :Ar measurements 
are disturbed by the formation o f m olecular oxygen (O2) bubbles in the light (see 
Cornwell et al. 1999, Eyre et al. 2002). Flowever, it remains to be determined whether 
DNF rates are truly negligble in the light. In net-autotrophic sediments, like shallow 
NRE sites, coupled NTR-DNF may be reduced up to 50% by the presence o f an active 
BMA community (Risgaard-Petersen 2003). We calculated daily gross DNF rates with 
and without DNF in the light (light DNF at 50% of dark DNF rate) and coupled them 
with varying BMA C exudation terms from 0%-75% o f C fixed (Tables 2a and 2b).
Because we used the N 2:Ar method, we were also unable to distinguish how much 
N2 production was attributable to direct DNF (DNF o f watercolumn NO3) or coupled 
NTR-DNF from sediments. Future research should include an alternate method o f 
measuring DNF, the isotope pairing technique (IPT; Nielsen et al. 1992), as an advantage 
o f using isotope pairing is the source o f NO3' may be deduced by measuring the 
generation o f N 2 as 14N 14N, 14N 15N, or 15N 15N.
When we compared our estimates o f benthic N available to the water column with 
measured benthic N H /  fluxes in July 2010 and April 2011 (Figures 9a and 9b), the 
estimates o f available N to the water column were consistantly, but not significantly
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higher, than the measured fluxes. In fact, most NRE sites have intersecting 95% 
confidence intervals around both the estimated available N from sediments and the 
measured N flux, suggesting sampling error is the main source o f the difference. Our 
estimates also do not account for other N loss terms such as burial (see Nixon 1987), or 
foodweb transfer which could lower our estimates o f N avaialble to the water column and 
should be addressed in future studies.
4.4 -Relative Importance of Benthic N sinks and Autochthonous and Allochthonous 
N sources
N regenerated in the water column appears to be a potentially important source of 
N to phytoplankton as this source can supply up to 6.5% o f the TN load to the estuary 
(post-bloom conditions in summer). On collection days, mean water temperatures ranged 
from 12-15° C in March, 28-30° C in June, and 28-30° C in July. W hile temperature 
changes have a large effect on respiration, OM supply may also further increase pelagic 
respiration rates (Hopkinson and Smith 2004) and thus, AMN rates. Such an increase in 
OM supply was manifest with the occurrence o f a Raphidophyceae bloom (> 30 pg chi a) 
observed just 2 days before collection of June water samples (Benjamin L. Peierls 
personal comm). The NRE experienced other large blooms prior to March collections, 
but not during the collection o f July 2011 water samples where water temperatures were 
similar to June samples. Coupled with relatively high temperatures phytoplankton 
blooms may stimulate episodes o f water column remineralization in the NRE, as other 
studies (Lorborg and Sondergaard 2009; W eigner and Seitzinger 2004; Stepanauskas et
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al. 1999, 2000) have observed higher mineralization in warmer seasons, due to the 
combined effects o f increased metabolic rates and changes in DON composition.
The importance o f N  regeneration in shallow systems is still unclear. It is 
conceivable that gross NH 4+ generation may represent a relatively large pool o f N  that 
turns over rapidly with coupling between BMA and bacterial pools. We have found that 
the relative importance o f N dervied from the benthos varies with depth due to the 
reduction o f light dependant N  sequestration processes. Because this study represents a 
daily snapshot, future work is needed to understand the long term persistance o f the 
benthic filter, most notably the BMA sink. If  we assume that all sediment derived N 
produced is available to phytoplankton, then benthic N sinks in the NRE have retained or 
removed -29 .6%  o f the average daily total N load (total July 2010 N load is 837 kmol N 
day’1; in July 2010) and 39% o f the average daily total N  load in April 2011 (total April 
2011 N load is 599 kmol N day '1).
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SECTION 5 -  CONCLUSIONS
Overall, this study highlights several interesting findings with respect to how 
shallow photic estuaries process N: (1) The importance o f remineralized OM in 
sediments as a source o f N to the water column varies indirectly with water depth as a 
result o f depth dependent variation in benthic N sinks, notably BMA N-demand and N 2 
generation. While sediment AM N did not appear to be depth dependent, the dominant 
seasonal N sink in shallow sediments, BMA N-demand, was directly dependent on light 
availability. (2) W ithout a depth integrated approach, the eventual fate o f N  in shallow 
estuaries cannot be determined because the proportion o f photic benthos, and thus light- 
dependent N sinks, cannot be determined relative to true N loss processes (N2 
generation). (3) Even if  habitat-specific approaches to scaling process rates were used, 
whole system rates may be mis-estimated due to significant variation in some process 
rates within a single habitat type (e.g. subtidal sand flats) due to depth. (4) Precise 
scaling to system wide rates may also require targeted efforts at specific depths for 
specific processes where uncertainty around that process rate dominates N budget 
calculations such as sediment AMN. Future studies in shallow photic estuaries may wish 
to incorporate some o f the considerations brought forth in the preceeding conclusions,
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especially when making management decisioins requiring scaling from m2 to system- 
wide rates.
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Figure 1 - Map o f the New River Estuary including sampling locations (red stars), 
selected rivers and embayments, and depth contours. Abbreviated sites include: WAL as 
Wallace Creek. FRN as French Creek, and CRT as Courthouse Bay. UP, MID. and LOW 
correspond to upper-, middle-, and lower- estuarine stations respectively separated by 
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Table 1 a -  Areas and volumes of New River Estuary - Upper Estuarine Region. Scaling
depth fractions by region and water depth. Sediment characteristics at 0.5m, 1.5m, and

















Characteristics 0.5m 1.5m 3.0m
*% Organic M atter 10-Jul 11.96 ± 1.28 15.65 ± 1.37 19.39 ± 0 .53





38.58 ± 3 .85
41.99 ± 4 .7 6  
34.56 ± 3 .5 7
33.31 ± 3 .5 8  







4.97 ± 2 .8 0  
111.04 ± 17.99
5.06 ±1 .31  





22.05 ± 6.99 
29.33 ± 5.44
26.21 ± 0 .1 9  
49.55 ± 17.33
61.88 ± 7 .1 7  
64.84 ± 9 .75
*Bulk Density 
(gDW  m L 1)
10-Jul
11-Apr
0.70 ± 0.02 
0.62 ± 0.06
0.33 ± 0 .00  
0.38 ± 0 .13
0.18 ±0.01 
0.15 ± 0 .0 0
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Table lb -  Areas and volumes of New River Estuary - Middle Estuarine Region. Scaling
depth fractions by region and water depth. Sediment characteristics at 0.5m, 1.5m, and




(m) < 1.0 0
1 fj o > 2 .0
Sampling Depth 
(m) 0.5 1.5 3
Area (km2) 10.28 9.35 18.67
Volume (km ) 
Cumulative 0.068
Sediment 0.5m 1.5m 3.0mCharacteristics
*% Organic M atter 10-Jul 0.49 ±0 .01 0.56 ± 0 .0 7 10.93 ± 1.13
*Benthic Chi a 10-Jul 161.57 ± 10.15 41.37 ± 3.76 21.90 ± 3 .1 0
(mg L '1) 11-Apr 85.74 ± 11.41 37.37 ± 10.37 23.88 ± 11.56
*Phaeophytin 10-Jul ND ND 13.41 ± 1.10
(mg L’1) 11-Apr 14.96 ± 1.76 66.64 ±23 .80 71.73 ±20 .67
* N H / 10-Jul 8.03 ± 0 .0 4 3.37 ±0.061 30.27 ± 8 .532
(mmol m" ) 11-Apr 3.57 ± 1.43 5.42 ± 1.61 35.02 ± 5 .1 2
*Bulk Density 10-Jul 1.45 ± 0 .03 1.39 ± 0 .03 0.42 ± 0.04
(gDW m L 1) 11-Apr 1.49 ± 0 .0 4 1.56 ± 0 .03 0.51 ± 0 .02
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Table lc -  Areas and volumes of New River Estuary - Lower Estuarine Region. Scaling
depth fractions by region and water depth. Sediment characteristics at 0.5m, 1.5m, and









o1o > 2 .0
3




Characteristics 0.5m 1.5m 3.0m
*% Organic M atter 10-Jul 0.85 ±0.21 7.26 ± 0 .1 2 3.10 ± 0.51




131.33 ±26.38  
52.54 ± 1.78
18.14 ± 11.39 
29.22 ± 1.44
28.54 ± 9 .8 7  







0.72 ±0.41  
48.53 ± 3 .8 7
ND 





3.75 ± 1.68 
2.60 ± 0.44
10.65 ± 0 .1 8  
12.00 ± 2 .05






1.52 ± 0 .05  
1.28 ± 0.10
0.67 ± 0 .03  
0.71 ± 0 .1 4
1.11 ± 0 .1 7  
1.24 ±0 .03
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Figure 2a. Sediment N process rates (±SE) measured in April at m 2 scale in the Upper
Estuary at various depths. White bars depict mean values for BMA N-demand (n=3). 
Grey bars depict mean values for net denitrification (n=3). Black bars depict mean values 
for sediment ammonification (n=5). Note 1.5m depth denitrification rates are calculated 
as the mean o f 0.5m and 3.0m measured rates and are without error bars. Note: BMA N- 
demand and denitrification are N sinks, while sediment ammonification is a N source.
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9Figure 2b. Sediment N process rates (±SE) measured in April at m" scale in the Middle 
Estuary at various depths. White bars depict mean values for BMA N-demand (n=3). 
Grey bars depict mean values for net denitrification (n=3). Black bars depict mean values 
for sediment ammonification (n=5). Note 1.5m depth denitrification rates are calculated 
as the mean o f 0.5m and 3.0m measured rates and are without error bars. Note: BMA N- 
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2
Figure 2c. Sediment N process rates (±SE) measured in April at n r  scale in the Lower 
Estuary at various depths. W hite bars depict mean values for BMA N-demand (n=3). 
Grey bars depict mean values for net denitrification (n=3). Black bars depict mean values 
for sediment ammonification (n=5). Note 1.5m depth denitrification rates are calculated 
as the mean o f 0.5m and 3.0m measured rates and are without error bars. Note: BMA N- 
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2Figure 3a. Sediment N process rates (±SE) measured in July at n r  scale in the Upper 
Estuary at various depths. White bars depict mean values for BMA N-demand (n=3). 
Grey bars depict mean values for net denitrification (n=3). Black bars depict mean values 
for sediment ammonification (n=5). Note 1.5m depth denitrification rates are calculated 
as the mean o f 0.5m and 3.0m measured rates and are without error bars. Note: BMA N- 
demand and denitrification are N sinks, while sediment ammonification is a N source.
25  
_ 20






□ BMA N-D em and □ Denitrification ■ A m m onifica t ion




Figure 3b. Sediment N process rates (±SE) measured in July at m2 scale in the Middle 
Estuary at various depths. W hite bars depict mean values for BMA N-demand (n=3). 
Grey bars depict mean values for net denitrification (n=3). Black bars depict mean values 
for sediment ammonification (n=5). Note 1.5m depth denitrification rates are calculated 
as the mean o f 0.5m and 3.0m measured rates and are without error bars. Note: BMA N- 
demand and denitrification are N  sinks, while sediment ammonification is a N source.
on N Sources and Sinks at m2 Scale in July 2010
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Figure 3c. Sediment N process rates (±SE) measured in July at m 2 scale in the Lower 
Estuary at various depths. White bars depict mean values for BMA N-demand (n=3). 
Grey bars depict mean values for net denitrification (n=3). Black bars depict mean values 
for sediment ammonification (n=5). Note 1.5m depth denitrification rates are calculated 
as the mean o f 0.5m and 3.0m measured rates and are without error bars. Note: BMA N- 
demand and denitrification are N sinks, while sediment ammonification is a N source.
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Figure 4a. Autochthonous nitrogen generated in water column during March, June, and 
July 2011 at m “ scale. White bars represent March 2011 rates; gray bars represent June 
2011 rates; black bars represent July 2011. Error bars are +1 standard error. Note June 
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Figure 4b. Autochthonous nitrogen generated in water column during March, June, and 
July 2011 at system wide scale. W hite bars represent March 2011 rates; gray bars 
represent June 2011 rates; black bars represent July 2011. Values above bars represent 
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Figure 5a. System-wide April sediment N process rates (± bootstrapped SE) in the Upper 
Estuary. White bars depict mean values for BMA N-demand. Grey bars depict mean 
values for gross denitrification. Black bars depict mean values for sediment 
ammonification. Note 1.5m depth denitrification rates are calculated as the mean o f 0.5m 
and 3.0m measured rates and error bars denote 2X highest DNF variance within the 
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Figure 5b. System-wide April sediment N process rates (± bootstrapped SE) in the 
Middle Estuary. White bars depict mean values for BMA N-demand. Grey bars depict 
mean values for gross denitrification. Black bars depict mean values for sediment 
ammonification. Note 1.5m depth denitrification rates are calculated as the mean o f 0.5m 
and 3.0m measured rates and error bars denote 2X highest DNF variance within the 
respective region. Each depth represents a respective depth contour (see methods for 
details)
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Figure 5c. System-wide April sediment N process rates (± bootstrapped SE) in the 
Lower Estuary. White bars depict mean values for BMA N-demand. Grey bars depict 
mean values for gross denitrification. Black bars depict mean values for sediment 
ammonification. Note 1.5m depth denitrification rates are calculated as the mean o f 0.5m 
and 3.0m measured rates and error bars denote 2X highest DNF variance within the 
respective region. Each depth represents a respective depth contour (see methods for 
details)
System-Wide N Sources and Sinks in April 2011
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Figure 6a. System-wide July sediment N process rates (± bootstrapped SE) in the Upper 
Estuary. White bars depict mean values for BMA N-demand. Grey bars depict mean 
values for gross denitrification. Black bars depict mean values for sediment 
ammonification. Note 1.5m depth denitrification rates are calculated as the mean o f 0.5m 
and 3.0m measured rates and error bars denote 2X highest DNF variance within the 
respective region. Each depth represents a respective depth contour (see methods for 
details)
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Figure 6b. System-wide July sediment N process rates (± bootstrapped SE) in the Middle 
Estuary. White bars depict mean values for BMA N-demand. Grey bars depict mean 
values for gross denitrification. Black bars depict mean values for sediment 
ammonification. Note 1.5m depth denitrification rates are calculated as the mean o f 0.5m 
and 3.0m measured rates and error bars denote 2X highest DNF variance within the 
respective region. Each depth represents a respective depth contour (see methods for 
details)
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Figure 6c. System-wide July sediment N process rates (± bootstrapped SE) in the Lower 
Estuary. White bars depict mean values for BMA N-demand. Grey bars depict mean 
values for gross denitrification. Black bars depict mean values for sediment 
ammonification. Note 1.5m depth denitrification rates are calculated as the mean o f 0.5m 
and 3.0m measured rates and error bars denote 2X highest DNF variance within the 
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Figure 7. Estimated net nitrogen flux from benthos (benthic sources minus benthic sinks 
o f N) at each sampling depth. Grey bars represent April 2011 rates; white bars represent 
July 2010 rates. All values are ± bootstrapped SE except 1,5m depths where cumulative 
error included 2x the maximum bootstrapped variation in gross DNF rates at each 
respective region.
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Figure 8a. Percent o f autochthonous nitrogen removed by BMA N-demand and 
denitrification at each sampling depth in April 2011. White bars represent % 
autochthonous N removed by BMA N-demand. Grey bars represent % autochthonous N 
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Figure 8b. Percent o f autochthonous nitrogen removed by BMA N-demand and 
denitrification at each sampling depth in July 2010. White bars represent % 
autochthonous N removed by BMA N-demand. Grey bars represent % autochthonous N 
removed by gross denitrification. Values >100% indicate N uptake from water column.
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Figure 9a. Comparison o f estimated benthic N H /flu x  and measured N H 4+ flux in April 
2011 at each sampling depth. W hite bars represent estimated rates; grey bars represent 
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Figure 9b. Comparison o f estimated benthic NH 4+ flux and measured N H4+ flux in July 
2010 at each sampling depth. W hite bars represent estimated rates; grey bars represent 
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Table 2a. Results o f sensitivity analysis on estimated N H /  flux from benthos in April 
2011. Conservative estimates are calculated with only dark DNF and 75% C exudation 
from BMA N-Demand. Liberal estimates are calculated to include DNF in light (50% of 
dark rate) and 0% C exudation from BMA N-Demand. Errors around original estimates 
are 95% confidence intervals derived from bootstrapping.
April 2011
Adjusted Term
Estimated N H / Flux (kmol * day' )
Upper Middle Lower
Estuary
Maximum Estimated N H / Flux
(DNFdark ± BM A C exud 75%)
103.9 143.2 24.2
Minimum Estimated NHU+ Flux 
(DNFjight + BMA C exud 0%)
41.6 60.3 -19.2
Measured NHU+ flux (95% Cl) 15.6 ± 0 .7 36.4 ± 3 .5 -0 .6  ± 4 .6
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Table 2b. Results o f sensitivity analysis on estimated NH4+ flux from benthos in July
2010. Conservative estimates are calculated with only dark DNF and 75% C exudation 
from BMA N-Demand. Liberal estimates are calculated to include DNF in light (50% of 
dark rate) and 0% C exudation from BMA N-Demand. Errors around original estimates 
are 95% confidence intervals derived from bootstrapping.
July 2010
Adjusted Term
Estimated NH4+ Flux (kmol * day" ) 
Upper Middle Lower
Maximum Estimated NH4+ Flux 212.9 173.9 38.6
(DNFdark + BMA C exud 75%)
Minimum Estimated NH4+ Flux 157.0 139.7 -13.8
(DNFiight + BMA C exud 0%)
Measured NH4+ flux (95% Cl) 25.0 ± 7 .3 16.9 ± 3 .7 1.7 ± 9 .3
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APPENDIX -  CHAPTER II 
ANOVA TABLES -  R SOFTW ARE SCRIPTS
APPENDIX NOTES 1:
0) Factors coded as “Asite” , “Adepth”, “Asite:Adepth” represent Sites, Depths, 
and interaction o f site and depth for April 2011.
1) Factors coded as “Jsite”, “Jdepth”, “Jsite:Jdepth” represent Sites, Depths, and 
interaction o f  site and depth for July 2010.
2) All text is output and input using R programming language.
3) For further clarification o f meaning o f the o f  this programming code, please 
contact J. Daniel M axey at daniel@ vims.edu
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SECTION 1- Anova Tables for N  process rates at m2 scale.
A N  OVA SUMMARY f o r  A P R IL  BMA N  DEMAND R A T E S
Df Sum Sq ]Mean Sq F value Pr(>F)
Asite 2 0.357 0.178 1.5063 0.2484
Adepth 2 43.257 21.628 182.6685 1.110e-12 ***
Asite:Adepth 4 0.297 0.074 0.6280 0.6487
Residuals 18 2 .131 0.118
Signif. codes: 
1
0 ' * * * • 0.001 ' ** ' 0.01
LDOO*
X
18 observations deleted due to missingness
ANOVA SUMMARY f o r  A P R IL  BMA N DEMAND R A T E S
Df Sum Sq :Mean Sq F value Pr(>F)
Jsite 2 6.031 3.015 4.5533 0.02511 *
Jdepth 2 36.493 18.247 27.5522 3.326e-06 ***
Jsite:Jdepth 4 8.311 2.078 3.1373 0.04021 *
Residuals 18 11.921 0.662
Signif. codes: 
1
0 ' * * * ' 0.001 ' ** ' 0.01 ' *' 0 . 05
X
18 observations deleted due to missingness
ANOVA SUMMARY f o r  A P R IL  DNF R A T E S
Df Sum Sq Mean Sq F value Pr(>F)
Asite 2 0.3729 0.1865 0.5252 0.6044
Adepth 1 0.3775 0.3775 1.0635 0.3227
Asite:Adepth 2 1.0449 0.5225 1.4718 0.2681
Residuals 12 4.2598 0.3550
2 7 observations deleted due to missingness
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ANOVA SUMMARY FOR J U L Y  DNF R A T E S
Df Sum Sq Mean Sq F value Pr(>F)
jsite 2 0.60416 0.30208 7.1793 0.008903 * *
jdepth 1 0.44406 0.44406 10.5536 0.006974 * *
jsite:jdepth 2 1.00556 0.50278 11.9492 0.001395 * *
Residuals 12 0.50492 0.04208
Signif. codes: 
1
0 ‘ * * * ' 0.001 '**' 0.01 '*' 0.05 i
1
2 7 observations deleted due to missingness
ANOVA SUMMARY FOR A P R IL  AMN R A T E S
Df Sum Sq Mean Sq F value Pr(>F) 
Asite 2 0.95 0.47 0.0231 0.9772
Adepth 2 22.30 11.15 0.5425 0.5867
AsiteiAdepth 4 80.22 20.05 0.9757 0.4349
Residuals 31 637.15 20.55
5 observations deleted due to missingness
ANOVA SUMMARY FOR J U L Y  AMN R A T E S
Df Sum Sq Mean Sq F value Pr(>F)
Jsite 2 70.95 35.47 0.5070 0.6069
Jdepth 2 183.37 91.68 1.3105 0.2834
Jsite:Jdepth 4 102.11 25.53 0.3649 0.8318
Residuals 33 2308.74 69.96




1) Depth Coded as “a”, ”b” , ”c” to represent 0.5m, 1.5m, and 3.0m sampling 
depths respectively
2) AMNrate, BM ANDMD, DNF represent AMN, BM A N-Demand, and DNF 
process rates respectively.
3) M issing values coded as NA (absent DNF 1.5m samples also coded as NA)
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Min. 0.000 Min. 2.467 Min. 0.7493
1st Qu. 3.055 1st Qu. 2.839 1st Qu. 0.8680
Median 6.095 Median 3.211 Median 0.9867
Mean 7.551 Mean 2.978 Mean 0.9076
3rd Qu. 13.510 3rd Qu. 3.234 3rd Qu. 0.9868
Max. 15.094 Max. 3.258 Max. 0.9869





Min. 0.0000 Min. 1.361 Min. NA
1st Qu. 0.0000 1st Qu. 1.632 1st Qu. NA
Median 0.3867 Median 1.902 Median NA
Mean 3.1306 Mean 1.769 Mean NaN
3rd Qu. 7.4464 3rd Qu. 1.974 3rd Qu. NA
Max. 7.8200 Max. 2.045 Max. NA





Min. 3.304 Min. 0 . 0 0 0 0 0 Min. 0.9307
1st Qu. 4.374 1st Qu. 0 . 0 0 0 0 0 1st Qu. 0.9749
Median 5.326 Median 0 . 0 0 0 0 0 Median 1.0191
Mean 6.653 Mean 0.08208 Mean 1.2967
3rd Qu. 8.571 3rd Qu. 0.12312 3rd Qu. 1.4797
Max. 11.692 Max. 0.24625 Max. 1.9402

































Min. : 3 . 700
1st Qu.:3.711 
Median :3.72 3 
Mean :3.72 3 
3rd Qu.:3.735 
Max. :3.74 6 





















Min. : 2.027 
1st Qu.: 2.674 
Median : 7.206 
Mean : 7.086 
3rd Qu.:10.891 
Max. : 12 . 633
BMANDMD
Min. 0 . 0 0 0 0 0
1st Qu. 0 . 0 0 0 0 0


















Min. 1.527 Min. 3.311 Min. 0.8608
1st Qu. 2.981 1st Qu. 3.415 1st Qu. 0.8646
Median 4.532 Median 3.520 Median 0.8684
Mean 4.113 Mean 3.505 Mean 1.5277
3rd Qu. 5.483 3rd Qu. 3.603 3rd Qu. 1.8611
Max. 6.044 Max. 3.686 Max. 2.8539





Min. 0.000 Min. 1.709 Min. NA
1st Qu. 6.484 1st Qu. 1.785 1st Qu. NA
Median 8.375 Median 1.860 Median NA
Mean 7.476 Mean 1.942 Mean NaN
3rd Qu. 8.453 3rd Qu. 2.058 3rd Qu. NA
Max. 14.070 Max. 2.256 Max. NA





Min. 0 . 0 0 0 Min. 0 . 0 0 0 0 0 Min. 0.7520
1st Qu. 3.262 1st Qu. 0 . 0 0 0 0 0 1st Qu. 0.7619
Median 6.315 Median 0 . 0 0 0 0 0 Median 0.7717
Mean 6.787 Mean 0.05727 Mean 0.8455
3rd Qu. 12.058 3rd Qu. 0.08590 3rd Qu. 0.8922
Max. 12.299 Max. 0.17181 Max. 1.0127






Min. 2.710 Min. 3.341 Min. : 0 .5032
1st Qu. 2.891 1st Qu. 3.535 1st Qu. :0.5724
Median 3.873 Median 3.730 Median :0.6416
Mean 4.081 Mean 3.901 Mean : 0 .5961
3rd Qu. 5.063 3rd Qu. 4.181 3rd Qu. : 0.6426
Max. 5.867 Max. 4.633 Max. : 0 . 6436





Min. : 3 . 257 Min. 0.0000 Min. NA
1st Qu.:4.601 1st Qu. 0.5027 1st Qu. NA
Median :4.721 Median 1.0053 Median NA
Mean :4.840 Mean 0.7894 Mean NaN
3rd Qu.:5.701 3rd Qu. 1.1841 3rd Qu. NA
Max. : 5 . 917 Max. 1.3629 Max. NA





Min. 2.638 Min. 0.4022 Min. 0.6258
1st Qu. 2.663 1st Qu. 0.6009 1st Qu. 0.9342
Median 5.042 Median 0.7997 Median 1.2425
Mean 8.290 Mean 1.2894 Mean 1.0939
3rd Qu. 10.670 3rd Qu. 1.7330 3rd Qu. 1.3279
Max. 20.438 Max. 2.6662 Max. 1.4134






Min. 2.681 Min. 0.8433 Min. 0.7521
1st Qu. 4.491 1st Qu. 1.2215 1st Qu. 0.7988
Median 5.750 Median 1.5997 Median 0.8455
Mean 7.133 Mean 1.6395 Mean 0.8693
3rd Qu. 10.286 3rd Qu. 2.0375 3rd Qu. 0.9279
Max. 12.457 Max. 2.4754 Max. 1.0103





Min. 0.000 Min. 0.2156 Min. NA
1st Qu. 5.124 1st Qu. 0.7221 1st Qu. NA
Median 5.397 Median 1.2286 Median NA
Mean 9.601 Mean 1.0136 Mean NaN
3rd Qu. 6.609 3rd Qu. 1.4125 3rd Qu. NA
Max. 30.876 Max. 1.5964 Max. NA





Min. : 0.000 Min. 0.0000 Min. :1.527
1st Qu.: 2.405 1st Qu. 0.1155 1st Qu.:1.553
Median : 2.854 Median 0.2311 Median :1.579
Mean : 8.563 Mean 0.1765 Mean :1.648
3rd Qu.:15.555 3rd Qu. 0.2648 3rd Qu.:1.709
Max. : 21.999 Max. 0.2986 Max. :1.839
































Min. 0.000 Min. 0.7291 Min. NA
1st Qu. 5.866 1st Qu. 0.9172 1st Qu. NA
Median 9.625 Median 1.1053 Median NA
Mean 7.933 Mean 1.3352 Mean NaN
3rd Qu. 11.693 3rd Qu. 1.6383 3rd Qu. NA
Max. 12.483 Max. 2.1713 Max. NA





Min. : 0.000 
1st Qu.: 0.000 
Median : 9.959 



















SECTION 3 -  Sample R Script fo r  Bootstrapping Technique
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# Size of upper 1.5 m =
A2=6337720
amnul.5apr=na.omit(rates[depth=="1.5"&site=="up"&season=="a 
pril", 5 ] )
amnu1.5 apr.s amp=rep(amnu1.5 apr, A2/10 0 0) 
s ununary (amnu 1. 5 apr)




for (i in 1:S) { # to create loop; i is a counter to 
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Nearly 88% o f the w orld’s coastlines (land margins connecting to oceans) consist 
o f estuarine filters which process 57% o f the w orld’s water discharge to the neighboring 
coastal ocean. 32% o f the water discharge to the ocean passes through tidal estuaries and 
shallow coastal lagoonal systems (Durr et al. 2011). These systems are particularly 
important sites o f N retention, transformation, and removal (Anderson 2010) because 
light reaches the benthos and supports a diverse assemblage o f benthic autotrophs 
(Valiela 1997). In this thesis we have examined the importance o f two key N sinks in 
shallow systems: N assimilation into benthic microalgal (BMA) pools (BMA N-demand), 
which is a light dependent transient sink for N and N 2 generation via denitrification and 
anammox (collectively termed DNF in this thesis). The overall goals o f this thesis were 
to investigate the importance o f the BMA community in mediating the flux o f N across 
the sediment water interface and to investigate the relative importance o f this community 
compared to other microbially mediated N cycling processes at the system wide scale.
In the first chapter we investigated two potential drivers o f BMA metabolism and 
sediment NH4+ flux, light availability and water column N load. We found benthic gross 
prim ary production (GPP) not to be affected by N loading or water column NH 4+ 
concentrations, suggesting N in the water column is not the principal limiting N source 
for BMA production in shallow systems. Instead, the dominant supply o f N to BMA 
appears to be porewater NH 4+ generated by sediment ammonification (AMN; likely 
organic matter (OM) mineralization - NMIN).
W hen our experimental cores were exposed to a simulated diel cycle for 48 hours 
(Chapter 1 Figure 3) BMA N assimilation (BMA N-demand) appeared to sequester N in 
the sediments preventing its release into the water column. BMA are known to mediate
148
N fluxes in photic sediments (Hardison et al 2011, M cGlathery et al. 2007), and we have 
demonstrated this phenomenon termed the ‘BM A-cap’ in a controlled series of 
experiments. How long BMA are able to retain N in sediments is still uncertain. 
Hardison et al. (2011) showed that N assimilated from decaying macroalgae was retained 
in coupled BM A-bacterial biomass pools for four weeks (the duration o f their sampling 
event). It has been hypothesized that BMA may sequester N during periods o f high 
pelagic primary production (i.e. spring and summer seasons) and slowly release it during 
periods o f more modest pelagic primary production (i.e. autumn and winter), and thus 
buffer the export o f OM to the coastal ocean (Anderson personal communication). Such 
a phase shift should be examined in future studies that would extend our relatively brief 
48-hour diel exposure to periods on the order o f months. W hat our short-term 
experiments have shown is how sensitive the BMA-cap is to perturbations in the benthic 
light environment.
After the initial 48-hour diel phase, our cores were subjected to a two-week 
period o f darkness. Just two days o f exposure to continuous darkness resulted in 
substantial N H /  release from sediments; after 14 days, N H /  was released in quantities 
greater than was assimilated from the water column during the entire diel phase (see 
Figure 3, Chapter 1). It is reasonable to assume that prolonged light limitation in shallow 
sediments may lead to an hysteresis event whereby accumulated N previously generated 
from the mineralization o f organic matter is released to the water column. Such large 
releases o f N into estuarine waters would likely compound benthic light limitation 
through stimulated phytoplankton growth (McGlathery et al 2004) resulting in a positive 
feedback loop and perhaps an eventual shift to a phytoplankton-dominated estuary
149
(Valiela 1997). Based on our preliminary studies it appears benthic light availability is 
an important driver o f the ‘coastal filter’. But how might these conclusions, based on a 
series o f controlled experiments, address whole-system level processing o fN  in systems 
with dynamic levels o f benthic light availability, flushing rates, organic matter inputs, 
and salinity regimes? The extent o f the photic zone in our study site is strongly 
dependent on freshwater inputs, fluctuating from 46% o f the estuarine bottom area during 
period o f high freshwater input to 97% during periods o f lower freshwater input 
(Anderson et al. unpublished). In order to answer these questions we scaled 
measurements made at the m 2 scale to the whole system by accounting for N process rate 
variations in the benthic light environment.
There are limited studies that have accounted for variations in N process rates 
with depth as well as the uncertainties around those rates (Boynton and Kemp 1985, 
Deutsch et al. 2010, Eyre et al. 2011, Ferguson et al. 2007, Piehler and Smyth 2011). Our 
second chapter addressed how the estuarine filter processes N and describes an 
alternative approach to estimating system wide N cycling by accounting for depth and 
position along the estuarine gradient. We found that BM A are important sinks for N in 
shallow systems but their importance relative to other sinks waned in the deeper portions 
o f the estuary. Several studies have shown that in less photic sediments BMA no longer 
outcompete coupled nitrification-denitrification (NTR-DNF) for N H /  (Rysgaard and 
Petersen 2003, Tyler et al. 2001, Sundback et al 2004), thereby indirectly enhancing 
NTR-DNF, a permanent N sink. Our study corroborates these findings. In both spring 
and summer BMA N-demand was the largest seasonal sink for N in photic sediments. 
DNF rates were reduced in the shallow photic sediments relative to the deeper aphotic
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sediments. In aphotic sediments DNF was the dominant N sink and BMA uptake was 
diminished. Depth dependent variation in both BMA N-demand and DNF affected the 
importance o f sediment AMN as a source o f NFB+ to the water column. Both our 
estimates o f sediment NFL^ flux and the measured flux were negligible in shallow 
sediments, whereas deeper sediments were net sources o f NH41 to the water column.
DNF results in the permanent removal o f N from the system and BMA N-demand 
represents a transient sink o f N  due to the tight coupling o f BMA biomass and 
remineralization processes (Hardison et al. 2010, 2011). N trapped in BMA biomass may 
be recycled through bacterial pools where it could be reclaimed by BM A or made 
available to coupled NTR-DNF. We present a conceptual diagram to represent the 
relative importance o f N generation, sequestration (BMA N-demand), and loss (DNF) 
processes at different levels o f benthic light availability in shallow systems (Figure 1).
W ithout scaling these processes to the system-wide level, the eventual fate o f N as 
it passes through the coastal filter would remain unclear. In order to assess the precision 
o f our scaled rates we provided estimates o f uncertainty around scaled N budget terms. 
Use o f both general error propagation theory and Monte Carlo style simulation analyses 
allowed us to generate 95% confidence intervals around individual N budget terms and 
the system wide estimated sediment N flux. From our analyses we discovered the 
dominant source o f uncertainty in our estimated N budget originated from sediment 
AMN rates, a term accounting for greater than 50% o f all uncertainty around our 
estimated N flux (often greater than 75%).
Our study has quantified the relative importance o f sediment AMN, BMA, and 
DNF communities in mediating the fluxes o f N from sediments along previously ignored
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depth gradients, and have shown that they differ within similar habitat types. Future 
studies proposing system wide nutrient budgets in shallow estuaries may wish to include 
this kind o f depth-integrated approach to account for light dependent variation in the 
benthic coastal filter. Depth integrated approaches may also shed light on how shallow 
systems respond to long term perturbations o f the benthic light environment, where once 
photic sediments begin to react and process N in deeper, aphotic sediments. Such a 
regime shift from net retention to net release o f N would stimulate phytoplankton 
production and thus reduce the effectiveness o f the estuarine coastal filter to buffer the 
flux o f OM to the coastal ocean.
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Figure 1. Conceptual diagram depicting the relative importance o f sediment AMN, BMA 
N-demand, and NTR-DNF at 0.5m, 1.5m, and 3.0m water depths in the New River 
Estuary. Note that the size o f the arrow indicates relative importance o f N budget term.
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